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Mesoscale convective complexes (MCCs) over subtropical South America 
contribute an average annual volume of precipitation equal to approximately seven km3 
and occur with an average regularity in the region, with more than 30 per warm season. 
Isotopic characteristics of precipitation, such as δ2H and δ18O values, provide information 
that can be used to identify unique processes and sources related to precipitation events. 
The largest database of isotope characteristics of precipitation within the region is the 
Global Network of Isotopes in Precipitation (GNIP), which provides varying temporal 
resolution data from stations around the world, including subtropical South America. 
Using this database, isotope characteristics of precipitation samples within the 
study area of Brazil were examined to identify patterns in storm characteristics, the 
isotope characteristics in MCC events, and to assess the use of event (daily) resolution 
data for storm events that lasted 14 hours, on average. This research resulted in Local 
Meteoric Water Lines (LMWL) that describe the isotopic composition of precipitation 
and rivers at various points throughout the year and found precipitation within the study 
region much closer to the Global Meteoric Water Line (GMWL) than river water. While 
event (daily) resolution is useful, a greater number of samples at higher-resolution would 
provide better descriptions for specific storm events, such as MCCs, as well as to 
differentiate between MCC and non-MCC events more effectively. Differences in source 
waters and processes were evident in the data, meaning future research at higher 
ix 
resolutions could benefit from identifying the contribution of each source and process to 
any distinct MCC event in the region.
1 
CHAPTER 1: Introduction 
South America is host to a wide variety of weather events, some of which are 
quite severe and capable of notable impacts. Within the subtropical region of South 
America, weather events known as a mesoscale convective complex (MCC) play a major 
role in the climate of the region and influence both atmospheric processes and the 
hydrologic regime. MCCs are large, long-lasting thunderstorm complexes that produce 
intense rainfall, particularly within the subtropical South America (SSA) region, which 
includes Brazil, Argentina, Paraguay, Uruguay, and the surrounding region (Durkee et al. 
2009). The regional average maximum cloud-shield size within the SSA for MCCs is 
256,500 km2, with storms lasting an average of 14 hours in duration and resulting in 
associated precipitation volumes of up to seven km3 annually (Durkee et al. 2009). As a 
result, the volume of water produced within the duration of an MCC event presents a 
danger of causing regional flash floods, which frequently cause dozens of deaths per year 
due to the intensity of the floods and regularity with which these events occur within the 
region (Latin American Herald Tribune 2008, 2010; BBC 2013). 
Figure 1.1 Global distribution map of MCCs. 
Source: Laing and Fritsch 1997. 
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 On average, over 30 MCC events occur within the SSA region during each annual 
warm season (October to May) (Durkee and Mote 2010). The high frequency of MCC 
events, combined with their propensity for causing flash flooding and regional flooding 
over a geographically large area, presents a major hazard and risk to life and property 
(Maddox 1980, 1983; Tollerud et al. 1987; McAnelly and Cotton 1989; Houze et al. 
1990; Anderson and Arritt 2001). Due to the potential threat from MCCs, researchers 
have an impetus to study the origin and formation of MCC events in the SSA region 
further, in order to better understand the timing, magnitude, and the conditions required 
for MCCs to occur. Additional knowledge of MCC events could assist with preparation 
and planning against a climate where intense MCCs are common events.   
 
Figure 1.2 Outline of SSA MCC overlain with precipitation.  




This study seeks to add to the body of knowledge regarding MCCs in the SSA 
through the use of isotope hydrology as a means to perform exploratory characterization 
of MCCs. In order to characterize MCCs, precipitation amount and isotopic composition, 
along with source water origination, were investigated to answer the following research 
questions: 
1. What are the isotope characteristics of precipitation in subtropical South 
America? 
2. What relationship exists between the amount of precipitation during an MCC 
event and the isotope characteristics of a precipitation sample from the event? 
3. Do available isotope databases provide indicators of multiple moisture sources or 
processes for water within the region for MCC development? 
Through characterization of MCC isotopic precipitation and sourcing, patterns 
should be observed regarding what conditions might influence the timing and magnitude 
of MCCs, thus identifying potential subjects for future research to test contribution of 
various mechanisms involved or modeling of systems. In addition, applying isotope 
hydrology to improve understanding of these events can contribute to an understanding of 
individual components necessary for the formation of MCCs in the region. This type of 
exploratory work can lay the groundwork for future research regarding SSA MCCs and 
moisture sourcing, which, when combined with characterization of SSA MCCs and 
climate mechanisms, could provide a wide variety of potential advance warning signs of 
MCC occurrence and intensity. 
The implementation of isotope hydrology as a means to analyze moisture sources 
is possible from the analysis of the isotopic composition of water, primarily using oxygen 
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and hydrogen isotopes. The water molecules undergo certain fractionation processes 
during evaporation, condensation, and precipitation and, thus, provide a record of the 
source and influences on atmospheric moisture as it is generated and undergoes changes 
over time (Dansgaard 1964). The most oft-used values for comparison are measures of 
δ18O and δ2H, referring to the comparison of the ratio of heavier isotopes to the more 
abundant lighter isotopes of each element in a water molecule to a standard. The δ18O and 
δ2H values of samples can be compared to reference samples using software, such as 
IsoSource, to identify ranges in the contribution of reference sources to a given sample 
through use of a mixing model (Phillips and Gregg 2003; Phillips et al. 2005). Using 
MCC event samples, δ18O and δ2H values of precipitation from MCCs in the study area, 
and potential reference source waters, aid in determining moisture sources for MCC 
events in the SSA region. Combining these data with both remotely sensed precipitation 
amounts from satellite data and on-site weather station precipitation amounts allows a 
relationship to be established for how MCCs evolve atmospherically and isotopically.  
The goal of this research is to use isotope hydroclimatology for the purpose of 
mesoscale climate analysis over both long- and short-term patterns of MCC development 
in the SSA. This study examines the feasibility of using MCC event isotope data to better 
characterize the isotopic signature of MCCs and the difference in historic isotopic 
precipitation parameters over time. The results provide a proof of concept that may lead 
to further research methods by which climatologists can analyze scenarios or test 
hypotheses related to modeling the origin and evolution of MCCs. This method of using 
isotope analysis, combined with traditional mesoscale climatology, allows for cross-
referencing between these techniques. It also provides a more robust method for 
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determining how to take better advantage of the presence of MCC events in developing 
regions around the world, especially the SSA, through improved predictive modeling and 























CHAPTER 2: Literature Review 
2.1. Climate 
  Mesoscale convective complexes within subtropical South America are 
determined to be a major source of total precipitation within the region, especially during 
the austral warm season of October to May (Durkee et al. 2009). The MCC contribution 
to rainfall is tied to spatial regions within the SSA, implying trends exist regarding which 
areas receive more precipitation from MCCs and changes in their monthly precipitation 
distribution (Durkee et al. 2009). These measurable spatial and temporal aspects create a 
framework through which research can be conducted regarding the frequency, timing, 
and magnitude of MCC formation and evolution. 
 The location at which MCCs occur most frequently is between 20° S and 30° S 
latitude, east of the Andes Mountains, in an area comprised of Paraguay, northern 
Argentina, and southern Brazil (Durkee and Mote 2010). Tropical Rainfall Measuring 
Mission (TRMM) satellite data reveal an annual rainfall difference between regions east 
and west of the Andes Mountains, wherein the east experiences about 1,440 mm of 
annual rainfall or greater on average, and the west experiences about 900 mm of annual 
rainfall or less (Mohr et al. 2014). This information provides evidence of the spatial 
limitations of MCCs and also establishes where observations and studies regarding this 
subject are best conducted for events.  
Even when TRMM data reveal differences in annual rainfall, other studies suggest 
that the TRMM precipitation radar algorithm displays bias by underestimating surface 
rainfall in deep convection over land, with up to a ~40% underestimation in the case of 
deep convective cores (Rasmussen et al. 2013). If the precipitation amounts derived from 
7 
 
the TRMM for the Andes mountain range underestimate the rainfall of the eastern side of 
the Andes, the evident gap between the two sides widens, placing even more emphasis on 
the role of MCCs in the region and their impact on rainfall totals. This TRMM bias is 
found equally present in both tropical and subtropical South America, despite subtropical 
South America not only having some of the deepest convective storms in the world but 
also having more intense rain events than tropical South America (Rasmussen et al. 
2013). If the TRMM bias is equally present in both areas, it could suggest a link in 
precipitation processes, which the identification of intense subtropical MCC moisture 
sources could be used to better explain how the two areas may be linked in that manner. 
The nature of South America’s wet and dry seasons contributes greatly to sources 
of precipitation found in tropical and subtropical South America east of the Andes 
Mountains. The South American Monsoon System (SAMS) begins with deep convection 
from evapotranspiration in the Amazon Basin that moves southeast and collides with 
moisture transport from the Atlantic Ocean, creating heavy rainfall conditions in west-
central Brazil (Gan et al. 2004). Heavy rainfall from the SAMS in west-central Brazil 
results in up to 90% of the annual rainfall during the October-to-April wet season. The 
onset and demise of the region’s monsoonal wet season in west-central Brazil has been 
characterized by Gan et al. (2004), with findings indicating that the onset dates are more 
variable than demise dates; this implies that the start of the wet season is dependent on 
transient systems creating the conditions for deep convection. By identifying transient 
systems responsible for deep convection, their study highlights a need to better 
understand from where these transient systems originate, when they form, and under what 
conditions they are exposed to in order to form deep convection systems. 
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A broader classification of large thunderstorm clusters includes the term 
mesoscale convective system (MCS), which can include MCCs, tropical cyclones, and 
squall lines, with subcategories based upon size, duration, and shape of the MCS (NOAA 
2016.). Due to the relationship between an MCS and an MCC, information relevant to an 
MCS can potentially apply to an MCC, thus research regarding an MCS is important to 
understanding the processes of MCCs in a region. The maximum MCS intensity occurs 
two to three months before the onset of monsoon conditions in the west-central Amazon 
region, but occurs later in the southern regions (Rickenbach et al. 2011). This is due to 
the Intertropical Convergence Zone (ITCZ) having some control over the intensity of 
MCSs and total precipitation near the mouth of the Amazon. Regions farther south are 
also influenced by the South Atlantic Convergence Zone (SACZ), wherein baroclinic 
circulations and frontal systems result in much higher rain variability during the wet 
season (Rickenbach et al. 2011). Rickenbach et al. (2011) described some mechanisms by 
which Atlantic Ocean sources may influence the occurrence of MCSs in a specific region, 
marking the mechanisms as potentially major contributors to rainfall, in addition to the 
evapotranspiration of the Amazon.  
In comparing the regions, the west-central Amazon and SACZ regions have 
similar trends in how MCS rainfall and intensity evolves pre- and post-onset of the 
monsoon, such that the onset in west-central Amazon region can act as a precursor to the 
SACZ.  This is due to moisture transport by low-level jets (LLJ) from the west-central 
Amazon to the SACZ region, upon which that moisture interacts with regional fronts and 
baroclinic circulations (Rickenbach et al. 2011). The regional interactions between 
moisture and weather conditions act as another link between the regions’ precipitation 
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processes, with research remaining to be done to characterize the extent to which these 
Amazon region processes contribute to MCCs in subtropical South America and the 
timeframe involved in their creation and transport. 
Further characterization of South America’s tropical and subtropical MCS 
moisture sources comes from the influence of accelerating trade winds carrying an excess 
of moisture from Africa across the south equatorial North Atlantic Ocean, when it is 
experiencing anomalies of high sea-surface temperatures (SSTs), to South America 
(Kouadio et al. 2012). When these moist trade winds arrive, or the strengthening of 
convective activity over the ocean near the coast of Brazil occurs during the rainy season, 
MCSs concomitantly occur in northeast Brazil, resulting in large amounts of rainfall 
(Kouadio et al. 2012). This causes conditions that could potentially be monitored to 
predict the formation of MCSs and subsequent MCCs in the region that should produce 
large amounts of precipitation, allowing for more time to prepare for the event. 
The SACZ region, however, displays more variability in rainfall deficit and 
rainfall surplus in a seesaw pattern in the subtropical plains of South America, wherein 
there is a deficit of rainfall when convective systems are present. However, when the 
SACZ weakens there is an abundance of rainfall in the region (Nogués-Paegle and 
Kingtse 1997). Moisture influxes from the tropics also travel via low-level jets to 
southern Brazil and central Argentina, which is similar to the LLJs in the Great Plains of 
North America.  The key difference, however, is that South America’s LLJs carry 
moisture from a source that originated over land rather than from the Gulf of Mexico, 
causing a dependence on water balance over tropical South America to control transport 
capacity (Nogués-Paegle and Kingtse 1997). This marks the input of traveling moisture 
10 
 
from the Amazon as still important in the SACZ, in addition to influence from oceanic 
processes. The varying strength of the SACZ influencing precipitation within the region 
also highlights the importance of understanding how and when the SACZ strengthens and 
weakens to predict conditions for the formation of MCCs in the region and their resulting 
high precipitation storm events. 
Collectively, data on climate conditions and processes involved with rainfall and 
MCCs over South America describe an area with many distinct regions, which all share a 
great number of processes that span regions and often produce high-intensity storm 
events from their interaction. Due to the variability of these high-intensity storm events 
and the potential of influence from multiple sources (Durkee and Mote 2010), the 
identification and contribution of sources to MCC occurrence may lead to greater 
understanding of the systems.  
This research aims to understand more clearly when and where these individual 
components of MCCs occur by sourcing the moisture, along with how and when they 
interact to form MCCs. Through this research, more accurate monitoring and earlier 
detection of conditions indicative of intense MCC events may be partially realized, 
ultimately allowing for better preparation and mitigation of the negative effects of these 
storm events. 
2.2. Isotope Geochemistry 
 The discovery of isotopes was based upon the eventual realization that elements 
exist in such a way that atomic numbers of an element are consistent, but not their atomic 
weights, and most recorded elemental weights are actually a mixture of different masses 
from the same element (Soddy 1922). This is due to some elements differing in the 
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number of neutrons present in their nucleus, while maintaining the same number of 
protons. Due to the neutrons having almost as much of an influence on mass as a proton, 
the difference in mass between measured atoms can be identified through various means; 
thus, isotopes are the different masses of the same element, due to varying numbers of 
neutrons present (Sharp 2007). 
 Stable isotopes do not radioactively decay and were discovered through 
experiments that used a non-radioactive element and subjected it to a process that 
separated out atoms of different masses from one another to show evidence of different 
masses existing within this non-radioactive element (Thomson 1913). This process is 
known as the positive rays experiment, in which gases containing an element were 
accelerated from an anode to a cathode through electrical and magnetic forces, causing 
only atoms of the same mass to travel the same path (Thomson 1913). These isotopes are 
not from a radioactive element, meaning the composition does not change as a result of 
decay over time, allowing their use as a more permanent means of analysis when they are 
present in a material. 
 The positive rays experiment acted as a concept upon which mass spectrometry as 
a tool of analysis was developed, wherein atoms are ionized and accelerated while 
exposed to a magnetic force that results in an adjustment of path taken by the atoms, with 
atoms of the same mass following the same path (Thomson 1913). This basis was 
expanded by Alfred Nier, whose work in the field of mass spectrometry included the 
creation of sector field mass spectrometers, which greatly increased the availability and 
usability of mass spectrometers in many fields (Laeter and Kurz 2006). The steady 
development and refinement of mass spectrometry and its use were necessary to analyze 
12 
 
isotopes more conveniently outside of bulk analysis, which required simple mixtures with 
high concentrations and produced some inherently skewed results (Philp 2007). The 
lifting of these limitations led to greater integration of isotope analysis in a broad variety 
of fields, including the geosciences. 
 Over time, advances in the instrumentation and implementation of this concept of 
mass spectrometry allowed for more accurate measurements of masses and proportions of 
different isotopes present within samples. Of particular note are the inductively coupled 
plasma mass spectrometry (ICP-MS) and laser ablation ICP-MS (LA-ICP-MS) 
instruments that are used to analyze water, geological, biological, and environmental 
samples to the detection precision in the pg g-1 to fg g-1 range for isotope ratio 
measurements (Becker 2005). The ICP-MS is a very efficient instrument, due to its low 
cost, efficiency, simple sample preparation, precision, and accuracy in analysis of 
isotopes present in very small amounts of the whole sample, and a large number of 
elements it can analyze (Becker 2005). The measured ratios of isotopes in samples 
gathered from these mass spectrometry techniques are very important to the analysis of 
stable isotopes, due to their use in interpreting the indications of the conditions and 
processes that a natural material has gone through. 
 Not every stable isotope occurs in every material, nor does it react to every 
process in the same way. Every type of stable isotope has its own applications most 
commonly associated with certain natural systems. These include 18O/16O and  2H/1H (2H 
is also known as deuterium) used in a wide variety of water-based applications, such as 
origin of water or process tracing due to the occurrence of each isotope in water 
undergoing certain changes (known as fractionation), 13C/12C used for analysis of carbon 
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compounds, 15N/14N used for analysis of nitrates, and so on (Yurtsever and Araguas 
1993). This promotes a common-sense approach of using isotopes in the same elements 
present within a target sample, as they will have the most meaningful association with the 
sample and quantities available within the sample. 
 Although stable isotopes undergo no change through radioactive decay, they do 
undergo a process called fractionation in which mass and energy differences cause a 
change in isotope ratios within a sample due to preferential selection for the process 
(Bigeleisen and Mayer 1947; Urey 1947). Fractionation indicates the changes in relative 
isotopic ratios of a sample based upon what processes that impact fractionation it has 
been exposed to and to what extent those have impacted the sample’s isotopic signal. One 
such example is water, wherein analysis of hydrogen and oxygen isotopes provides key 
insights into the source of the water based upon characterization of isotopic ratios of 
known sources of water (Dansgaard 1964). 
 There are a vast number of ways in which fractionation can have an impact on 
water. One of the largest impacts is that water with 16O isotopes is more volatile than 
molecules with heavier oxygen isotopes within it, resulting in fractionation occurring 
during all condensation processes, as well as evaporation of well-mixed liquid water. 
This follows what is known as Rayleigh model conditions, in which condensate is 
removed from vapor as it slowly cools (Dansgaard 1964), which essentially means that, 
as either evaporation or condensation occur, water will fractionate, due to those processes 
preferentially selecting 16O to a greater degree than 18O because of its volatility and lower 
mass. The Rayleigh model is most commonly demonstrated by evaporation of liquid 
water into vapor in areas of the ocean that have the highest surface temperatures, 
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followed by the progressive condensation of water vapor occurring as a result of the 
vapor’s movement to higher latitudes with lower temperatures (Gat et al. 2001). Another 
fractionation process in water includes the temperature effect due to cooling processes 
that form condensates, and the amount effect in which during falling rain droplets 
evaporate and mix with other droplets as they collide (Dansgaard 1964). Many conditions 
can influence water’s isotopic composition, due to changes in amount effect processes, 
such as water not acting in a static equilibrium, the kinetic motion of the water, 
composition of the source, exchange between the sample and the surroundings, and 
seasonal variations (Dansgaard 1964). 
 The amount effect is discussed in detail in the literature (Dansgaard 1964; 
Rozanski et al. 1993; Scholl et al. 2009; Polk et al. 2012), with relative humidity, isotopic 
interactions within singular raindrops, and isotopic interactions with precipitation all 
playing major roles in how the amount effect functions (Lee and Fung 2008). These 
interactions impact the isotopic composition of water, including the preferential 
condensation of heavier isotopes of oxygen and hydrogen and diffusivity of lighter 16O 
when relative humidity is below 100% (Lee and Fung 2008). In building a strong 
conceptual understanding and forming mathematical equations describing the processes 
that occur to influence isotope composition, the fractionation effect can be accounted for 
most easily by the relationship of higher amounts of rainfall leading to more depletion of 
18O through the amount effect, as well as other influences. 
 The amount effect’s influence is well documented in the subtropics and tropics 
and is based on complex convective processes (Lachniet and Patterson 2009; Polk et al. 
2012). The amount effect is observable at monthly, annual, and intra-seasonal scales, but 
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rarely is seen within a single event (Risi et al. 2008; Lachniet and Patterson 2009). As 
such, the amount effect is influenced primarily by the sum effect of physical processes 
within a convective system, rather than dominated by how temperatures cool during 
rainout, and stresses the importance of low-level vapor feeding into a convective system 
and the resulting influence on the amount effect (Risi et al. 2008). The amount effect is 
relevant to the proposed research, due to both involving concepts of isotope analysis, 
low-level systems, convective systems, and precipitation in a tropical region, where the 
amount effect usually dominates the isotopic signal (Lachniet and Patterson 2009; Polk et 
al. 2012).  
 In order to compare isotopic ratios, standards for sample types were established so 
that values of isotopic ratios of different samples of the same type could be compared in a 
relative manner known as a δ (delta) value. This δ value refers to the heavier isotope 
divided by the lighter isotope as the ratio being compared, with an example of it for 
oxygen-18 versus oxygen-16 written as seen in Eq. 2.1 (Dansgaard 1964; Friedman and 
O’Neil 1977). 



















                            (Eq. 2.1) 
 
This same formula is followed to establish the δ value of any isotope ratio, with the heavy 
isotope divided by the lighter isotope compared using an established standard for that 
element’s isotope ratio. The multiplication at the end allows the difference to be viewed 
in terms of how much the sample differs from the standard in parts per thousand (per 
mille or permil notation). 
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 The Vienna Standard Mean Ocean Water (VSMOW) and Standard Light 
Antarctic Precipitation (SLAP) standards are accepted most commonly for water, with 
SLAP commonly used for samples depleted of isotopes, and the two values are relative to 
one another as presented in Eq. 2.2 and Eq. 2.3 (Coplen 2012). 
𝛅𝟐𝑯𝑽𝑺𝑴𝑶𝑾−𝑺𝑳𝑨𝑷 = 𝟎 𝒆𝒙𝒂𝒄𝒕𝒍𝒚                                                       (Eq. 2.2) 
𝛅𝟏𝟖𝑶𝑽𝑺𝑴𝑶𝑾−𝑺𝑳𝑨𝑷 = 𝟎 𝒆𝒙𝒂𝒄𝒕𝒍𝒚                                                      (Eq. 2.3) 
These standards simply mean that the zero values of VSMOW are set such that they are 
equivalent to the SLAP values of δ2H = -428‰ and δ18O = -55.5‰ (Coplen 2012). 
 Large amounts of information exist regarding these various isotopes, with 
knowledge of how they can be altered by processes, instruments, and techniques to detect 
them at incredibly small scales. In addition, global standards and notations are used to 
quantify relative differences in isotope ratios. All of this information is utilized in real-
world applications and analyses in order to understand a wide range of subjects more 
effectively. For the purpose of this research, one of the major uses of isotopes is to 
analyze water samples and relate the results to climate. 
2.3. Isotope Hydroclimatology 
 Using concepts and equipment involving mass spectrometry, δ notations, isotope 
standards for water, and an understanding of the basics of isotopic fractionation, 
researchers have developed multiple ways to approach isotopic data collection and 
analysis. Either they catalogue the 18O/16O and 2H/1H of as many water sources as 
possible to compare samples to catalogued values, or they learn how natural mechanisms, 
such as those that cause fractionation, could change isotope compositions (Letolle and 
Olive 2004). By doing a bit of both, one can relate the changes in δ18O and δ2H from 
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source to source and note the similarities and differences, as well as better understand 
what processes caused those compositions to occur. The foundations of isotope 
hydrology were mostly established between 1950 and 1980 (Letolle and Olive 2004) and 
applications continue to grow through building upon these fundamental concepts. 
 As the discipline is reliant on nuclear techniques, one distinct problem noted 
within isotope hydrology is that its use is harder to implement in mainstream hydrology 
and, thus, be recognized more widely as an important tool for solving hydrological 
problems (Aggarwal et al. 2005). The importance of isotope hydrology is also something 
that has trouble being accepted into the field of general hydrology, as it can be used as an 
alternative or supplemental method to other hydrological research, or it has such a wide 
range of uses that it requires a well-designed research plan in order to keep results 
relevant to the objectives. A lack of large-scale field data collection initiatives during the 
1970s and 1980s is also an issue currently being addressed by the creation of global 
networks of isotope data and the dissemination of existing isotope hydrology information, 
in order to integrate this approach into hydrology more effectively (Aggarwal et al. 
2005). As isotope hydrology is relatively new and covers such a unique niche that general 
hydrology does not yet fully recognize it as a primary tool for research, the potential for 
its implementation in many new areas is growing rapidly.  
 Studies clearly demonstrate that δ2H and δ18O relate to one another linearly in 
precipitation that has not been re-evaporated, as shown in the Global Meteoric Water 
Line (GMWL) equation (Eq. 2.4) (Craig 1961): 




This equation dictates that two isotopes in water can be associated with one another in a 
linear fashion, meaning the use of both in water analysis can be paired easily within the 
same research. This GMWL equation is based on data from many sites around the world, 
so actual data about any one specific area can create a different equation known as the 
Local Meteoric Water Line (LMWL), which better describes that area’s relationship 
between moisture source and precipitation (Hughes and Crawford 2012). Data collected 
individually does not always fit perfectly either of the GMWL or LMWL data, due to 
these lines representing averages. The δ2H and δ18O values of a sample are compared to 
the GMWL or LMWL as a reference point, and used to gauge conditions involved in the 
sample’s formation and better characterize its makeup. 
 Additional GMWL data support the presence of a relationship between δ17O and 
δ18O with respect to the VSMOW standard, providing another isotope for use in analysis 
of water and shown in Eq. 2.5 (Luz and Barkan 2010): 
 
𝐥𝐧(𝛅𝟏𝟕𝑶 + 𝟏) = 𝟎. 𝟓𝟐𝟖 𝐥𝐧(𝛅𝟏𝟖𝑶 + 𝟏) + 𝟎. 𝟎𝟎𝟎𝟎𝟑𝟑 (𝑹𝟐 = 𝟎. 𝟗𝟗𝟗𝟗𝟗)   (Eq. 2.5) 
 
Luz and Barkan (2010) delved into the reasons for the positive intercept caused by excess 
17O in meteoric waters compared to the ocean from seawater evaporating and, thus, 
mixing with marine air, which is under-saturated in terms of water vapor, alongside solid 
and liquid precipitation’s interaction with atmospheric vapor. By establishing a new 
GMWL, the relationship between δ17O and δ18O is better explained, and additional 
reasoning on the GWML’s slope, and how isotopic values trend along it, characterizes 
natural processes and provides details to potentially consider when using the relationship 
between these two isotope ratios.  
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 In order to establish a LMWL, sufficient and consistent data must be collected 
over a long enough time period to ensure it fits the area well, rather than just a specific 
event within the area. An example of this is a study that sampled 35 consecutive months 
of rainfall in an area, recorded storm δ18O and δ2H values, and created a regression line 
that best fit and correlated with the data, giving a slope and intercept by which δ2H relates 
to the δ18O values (Kortelainen 2009). These data collected create an LMWL that serves 
additional research purposes as well, as these same data can be compared to groundwater 
data from the same area to showcase the connection between recharge and groundwater 
homogenization (Kortelainen 2009). This example highlights an advantage of isotope 
hydroclimatology’s versatility and usefulness in combining both meteorological and 
hydrological information. 
 One of the other considerations in the isotopic analyses of water is the impact that 
seasonal variation has on isotopic values, which are similar to temperature but can mask 
the latter over many months of data collection (Gat et al. 2001). This seasonal variation is 
proved to have a large impact on δ18O values of river water, due to rising temperatures 
associated with warmer seasons resulting in snowmelt flowing into rivers, rather than 
remaining frozen, and introducing a new source of water that is 18O-depleted relative to 
the river water (Dutton et al. 2005). These different sources have unique δ2H and δ18O 
values indicative of fractionation processes during freezing that can influence the 
composition of river water through mixing, because of seasonal or climatic effects, thus 
linking the climate aspect to isotope hydrology. 
 As discussed above, there is also a spatial aspect to differences in the isotopes of 
water. Elevation commonly affects the temperature to which water is exposed and can 
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influence fractionation, while water from precipitation can be influenced by the source of 
precipitation from elsewhere, and liquid water in motion, such as in a river, is influenced 
by inputs of water from farther upstream (Dutton et al. 2005). Because conditions are not 
geographically universal, differences in location can have a major influence on what 
processes act upon water to change its isotope composition; likewise, these influences are 
useful in interpreting the variability of isotopic values found in water samples. 
 Both spatial and seasonal variation can be taken into account at the same time in 
isotope hydrology and serve as useful ways to characterize the precipitation of an area. 
One such study in south Florida took samples of precipitation from five different sites 
over the course of 1997 through 2006, and the δ2H and δ18O values indicated that, despite 
all sites being in south Florida, spatial and temporal variability existed in the dataset, 
which was linked to seasonal influences (Price et al. 2008). The myriad reasons as to why 
the isotopic composition of water may differ must be accounted for, and potential 
explanations provided as to why different processes dominate the signal in order to best 
characterize the results. 
 Another obstacle to stable isotope analysis is the difficulty in determining to what 
extent each source contributed to the isotope composition of a sample. The major 
problem is that there are only n+1 number of sources and n number of isotope groups 
available to figure out the proportional contribution of each source; thus, a useful 
technique is to create a mixing model that bounds the contributions of each source 
(Phillips and Gregg 2003). This creates a dataset in which the potential contribution of 
each source to a sample is taken into account by creating a range, rather than fully 
disregarding data that may be important. 
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 The stable isotope mixing model method for analysis of contributions can also be 
applied in other ways. There exist some alternative ways to potentially source isotopic 
contributions to water samples, one of which is an a priori approach where the isotopic 
signatures are grouped together, if they are both similar and related, to reduce the number 
of sources (Phillips et al. 2005). Another method is a posteriori aggregation, in which, 
after analysis through a mixing model, the isotopic signatures are logically grouped 
together to narrow down the range of contribution if one is too broad to provide any 
significant detail (Phillips et al. 2005). Since both of these consider sources that were at 
an individual level and groups them together, it might provide less information about 
individual samples, but explain the range within the system in more detail. 
 As mentioned previously, two global data networks are used in this study and in 
other published research as well (Hughes and Crawford 2012; Risi et al. 2008; Scholl et 
al. 2009; Aggarwal et al. 2005). The first database is the Global Network of Isotopes in 
Precipitation (GNIP), which is a network of data made available by the International 
Atomic Energy Agency (IAEA) and World Meteorological Organization (WMO). The 
GNIP consists of a wide variety of data, including total monthly precipitation, 
temperature, vapor pressure, and δ2H, δ18O, and 3H (tritium) in tritium units from stations 
established in many locations around the world (IAEA/WMO 2014). The data are useful 
for isotope hydrology as they provide monthly precipitation data that can be used to 
compare regional datasets to determine if the isotopic variation accounts for a difference 
in geographic area in terms of what processes affect the samples’ isotope composition.  
 One such example of testing the methodology with GNIP data is provided by 
Hughes and Crawford (2012), who tested the use of a precipitation amount weighted least 
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squares regression (PWLSR) equation to determine the LMWL of a site, rather than the 
ordinary least squares (OLS) regression equation that is commonly used. Due to the large 
amount of data made available by GNIP, the study used the PWLSR equation for seven 
stations in Australia, as well as 288 other stations located around the world. This allowed 
enough data to be produced for more accurate statistical analysis of differences than from 
OLS regressions, and offered the ability to tie these differences to the spatial locations of 
GNIP stations (Hughes and Crawford 2012). In this case, a technique was created and 
fully tested with data of verified quality without the necessity of manually sampling field 
data in all locations over an extended period of time, which would have made testing to 
this extent incredibly difficult, both logistically and financially.  
 Use of GNIP data to supplement field data in a study of oxygen isotope values of 
precipitation and surface waters in Belize and Guatemala proved that oxygen isotope 
values are mostly influenced by temperature and amount effects (Lachniet and Patterson 
2009). By using these GNIP data, in addition to surface water data collected manually, up 
to 84% of spatial isotopic variability was explained for the study area, due to distance 
from the Pacific Ocean and mean catchment altitude (Lachniet and Patterson 2009). 
Since the objective of this research is to determine sources of precipitation in a defined 
region, the use of GNIP data should allow for similar statistical determination. 
The second database, known as the Global Network of Isotopes in Rivers (GNIR), 
provides data from river water samples from stations across the world, similar to the 
GNIP in terms of data collected. This information is primarily used as a test proxy for 
potential moisture sources to compare to GNIP data, thus allowing for comparisons 
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between isotope compositions to determine the sourcing of an MCC’s moisture (i.e., 
oceanic versus riverine, etc.). 
Additional databases exist that are focused on collecting accurate weather data to 
identify the occurrence of MCS events and to act as proxy recorders of precipitation 
amount for the study region. The first is the Tropical Rainfall Measuring Mission 
(TRMM), which obtains data through various satellites and rain gauges to gather rainfall 
data from both mesoscale atmospheric and ground surface data. This database provides 
coverage from December, 1997, until February, 2016, at a resolution of mm/hr for every 
three hours (NASA 2014) (Note: data are accessible at http://disc.sci.gsfc.nasa.gov/ 
precipitation/tovas). Another similar database is the Global Precipitation Measurement 
(GPM), a satellite observation system launched on February 27, 2014, built to expand 
upon the functions of TRMM. The GPM also aims to extend observations to a wider 
range of latitudes, as well as detect falling snow, measure light rain, and to provide 
quantitative estimates of microphysical properties of precipitation particles (NASA 2015) 
(Note: data are accessible at: http://pmm.nasa.gov/data-access/downloads/gpm). 
 Isotope hydrology also implements the use of secondary sources as proxies to 
provide data related to precipitation. A major example of this is the analysis of cave 
dripwater and speleothem calcite, performed by taking samples of precipitation, cave 
dripwater, and speleothems and then identifying and characterizing the precipitation’s 
amount and isotope composition (Polk et al. 2012). The isotopic composition of 
precipitation from which cave dripwater is derived changes with season and source, and 
can be related to the calcite isotopes from speleothems. With this information, one can 
calibrate precipitation data with data derived from speleothems, giving access to a long 
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history of climate-related data, while at the same time learning information about how 
precipitation recharges a particular karst location over time (Polk et al. 2012). This 
demonstrates that isotope hydrology can be used to analyze the past as well as the 
present, and be further related to climate processes over longer timescales. 
 Four case studies by Verhagen (2003) provided examples of the use of isotope 
hydrology techniques in the developing world. The case studies display a wide variety of 
applications, with three in Africa and one in Southeast Asia, respectively, focused on the 
use of isotope analysis to assess recharge, assist in the management of land and resource 
use, and determine the source and cause of contaminants in drinking water (Verhagen 
2003). Since the proposed research can also be classified as isotope hydrology in the 
developing world, there is high potential for using this approach to solve applied research 
problems in areas that are remote or require a unique methodology to study a larger 
spatial area over time.  
2.4. Conclusion 
 Much of eastern, central, and southern South America experiences massive 
rainfall from MCCs (Durkee et al. 2009; Durkee and Mote 2010), resulting in floods that 
claim lives and cause damage to infrastructure (Latin American Herald Tribune 2008, 
2010; BBC 2013). As these MCCs occur with regularity, a viable approach to mitigating 
their harmful effects is gathering knowledge to better monitor and predict the locations 
and conditions under which MCCs occur during the timeframe they are most likely to 
occur. 
 Due to the composition of stable isotopes in precipitation samples as indicative of 
fractionation rather than radioactive decay, one can interpret the data from isotope 
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analysis as a history of the sample through the water cycle. The changes in isotopic 
composition caused by fractionation are strongly linked with climate processes 
(Dansgaard 1964), which are impacted by location and time. By observing how isotope 
composition changes over time in a single location, the impact of climate processes on 
the area over a known time can be analyzed and better understood (Dansgaard 1964). 
This understanding of a site can be used to relate to other areas in order to determine the 
spatial variability and potential external geographic and hydroclimatological influences 
on the location being studied. These techniques are appropriate in order to study South 
America’s intense storm events during the rainy season. Such information and 
interpretations from this study include the potential water sources and climate processes 















CHAPTER 3: Study Area 
3.1. Justification for Study Area 
 The study area for this research was chosen as a place where MCC events occur 
in subtropical South America. The SSA consideration alone limits the study area to the 
South American continent, particularly between 20° S and 30° S latitude to match the 
areas with the highest frequency and concentration of MCC events (Durkee and Mote 
2010). The availability of higher resolution event data within the Global Network of 
Isotopes in Precipitation (GNIP) database also limits the study area, with the best overlap 
found within Brazil. 
 Overall, the primary mechanism for all MCCs in the area seems to be from low-
level jets carrying moisture from the north during the wet season (Durkee et al. 2009; 
Durkee and Mote 2010). Due to the low-level jet likely accounting for MCC occurrence 
in the entire region, secondary moisture sources that are less known are of a greater 
concern for study area placement. Within the region, one other potential influence on 
MCC occurrence is the Atlantic Ocean, due to the South Atlantic Convergence Zone 
(Durkee and Mote 2010). The strengthening and weakening of the SACZ are also 
associated with extreme rainfall or drought in the region (Nogués-Paegle and Kingtse 
1997; Carvalho et al. 2004), which can indicate MCC occurrence during extreme rainfall 
or an absence of MCC occurrence during drought. In order to capture this SACZ 
contribution and/or Atlantic Ocean or Amazon contribution to MCCs effectively, areas 
within the SACZ geographical location and along the Atlantic coast are ideal for the 
study area; therefore, Brazil fits well when considering its geographical context and 





Figure 3.1 Map of Brazil. 




Figure 3.2 Map of study area GNIP stations in subtropical South America.  
Source: Created by the author. 
 
d 
 Figure 3.1 is a map of Brazil with GNIP sites labeled and Figure 3.2 is a map that 
contains a closer view of the proposed study area for the research project, which is 
limited by GNIP sites with data points of overlapping sampling periods between 
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approximately 20° S and 30° S latitude in Brazil. All GNIP stations that collected event 
(daily) samples are within the state of São Paulo and, as such, São Paulo is treated as 
representative of the SSA Brazil, given its size and impact from MCCs. The areas within 
São Paulo where the GNIP stations are located are Braganca Paulista, Campinas, 
Piracicaba, and Santa Maria da Serra, all of which are labeled and clustered together in 
the center of Figure 3.1. In addition to the event sample resolution of GNIP stations 
within São Paulo state, monthly resolution GNIP data were collected at sample sites in 
Campo Grande, Rio de Janeiro, and Porto Alegre, all located between approximately 20° 
S and 30° S latitude in Brazil. Each monthly sample site is located in a neighboring area 
to the São Paulo stations. Figure 3.1 shows Campo Grande located to the northwest of 
São Paulo, Rio de Janeiro located to the east of São Paulo, and Porto Alegre located to 
the southwest of São Paulo.  
3.3. Study Area Climate 
 There are a number of differences between the regions of Brazil based on climate. 
This section outlines the general climate of Brazil in order to identify characteristics of 
the study area, differences in climate between the multiple GNIP stations in the study 
area, and to provide a frame of reference for the rest of Brazil to set the study area apart 
in regards to climate. The differences in terms of temperature, annual rainfall, and 
Köppen climate classification, as seen in Figures 3.2, 3.3, and 3.4, highlight how the 




Figure 3.3 Annual mean air temperature for Brazil.  





Figure 3.4 Total annual rainfall in Brazil.  





Figure 3.5 Köppen climate classification map of Brazil  
Source: Alvares et al. (2013). 
 
 In Figure 3.3 and Figure 3.4, a large shift in temperature and precipitation is seen 
starting around 15° S, largely separating the northwestern region of Brazil from the 
eastern and southern regions. Higher temperatures and higher precipitation amounts 
characterize the northwestern area compared to the rest of Brazil. At around 20° S, there 
is a separation between the eastern and southern region, where the southern region’s 
coastal edge has lower temperatures and higher precipitation than areas to the north. The 
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eastern coastal area between the equator and 20° S displays a lack of precipitation relative 
to any other area in Brazil, which provides another distinction in the regions. This 
justifies the study area’s focus on the subtropical southern region, rather than combining 
areas of vastly different characteristics and likely different processes involved regarding 
precipitation. In addition to information on precipitation, other studies report that the 
frequency of extreme daily precipitation events has increased in São Paulo state, with the 
states of Rio de Janeiro and Espirito Santo both having precipitation more concentrated in 
fewer events, based on over 70 years of data at a daily resolution (Zilli et al. 2017). This 
suggests that extreme precipitation events, such as MCCs, may make up a greater number 
of the precipitation events within the region. 
 In Figure 3.5, Brazil is shown to include three broad classifications of tropical, 
dry, and humid subtropical Köppen climate classifications. The humid subtropical 
Köppen climate classification becomes more prevalent at around 20° S, and shows that 
the majority of the study area is classified as a humid subtropical zone with an oceanic 
climate and without a dry season. The patterns of climate zones largely reflect the annual 
precipitation as the largest difference between the tropical northwest zone and dry 
northeast zone, while the subtropical humid zone seems to be defined more accurately by 








CHAPTER 4: Methodology 
The focus of the research is on the use of multiple sources of available historical 
data to test the usefulness of public databases, which offer a wide variety of data over 
long periods of time that have not yet been analyzed to a great extent. The workflow 
described in Figure 4.1 illustrates the general concept of the research methodology, which 
is split into data collection from multiple sources constrained by the study area and 
analysis of the available parameters in the gathered data. 
 
Figure 4.1 Workflow of methodology and data products.  
Source: Created by author. 
  
4.1. Data Collection 
 Data for the study area from the Tropical Rainfall Measuring Mission (TRMM) 
were downloaded using the TRMM Online Visualization and Analysis System (TOVAS) 
in ASCII format (NASA 2014) (Note: data are accessible at: http://disc.sci.gsfc.nasa.gov/ 
precipitation/tovas). Data for the study area were limited to stations available, as shown 
in Figure 4.2, and downloaded from the Global Network of Isotopes in Precipitation 
(GNIP) using the Water Isotope System for Data Analysis, Visualization, and Electronic 






Figure 4.2 Location of GNIP Sites in South America with prevailing surface wind 
directions and position of the ITCZ. 
Source: Rozanski and Araguás (1995). 
 
The TRMM data provide an amount of rainfall over time with daily resolution, 
while the GNIP data provide averages of δ18O and δ2H from precipitation over time at a 
monthly or daily resolution, as well as associated precipitation values recorded at the 
station. TRMM data were gathered via five instruments onboard a satellite: a 3-sensor 
rainfall suite (precipitation radar, TRMM microwave imager, and visible and infrared 
scanner) and two related instruments (Cloud and Earth’s Radiant Energy Sensor and 
Lightning Imaging Sensor) (NASA 2014). GNIP data are from precipitation samples 
collected at the given resolution and analyzed by mass spectrometry at certified labs, as 
well as on-site measurements (IAEA/WMO 2014). The TRMM data are recognized to 
underestimate precipitation over land in regions of deep convection (Iguchi et al. 2009; 
Pereira et al. 2014), with varying ranges of underestimation based on identified storm 
type, which provides a reference to how large a margin of error the TRMM precipitation 
values may have regarding storm events (Rasmussen et al. 2013). The TRMM and GNIP 
data values were imported into ArcGIS Version 10.2.2 in order to display the data at 
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spatial locations over time within the study area. The TRMM timeframe of December, 
1997, to February, 2016, limits the use of TRMM data as supplemental precipitation 
values to match GNIP data older than December, 1997; thus, the main precipitation 
values are from on-site precipitation recordings at GNIP stations.  
 Following the establishment of the GNIP and TRMM, full-disc GOES-8 and 
GOES-12, 4-km IR satellite data from Durkee and Mote (2010) were obtained as  
secondary data from the National Oceanic Atmospheric Administration’s Comprehensive 
Large-Array Data Stewardship System (CLASS) (NOAA 2014) (Note: data are available 
at: http://www.class.ncdc.noaa.gov). In Durkee and Mote (2010), the CLASS data were 
used to identify MCC events based on cloud-shield size, eccentricity values, and 
initiation and termination time of systems that displayed all criteria for being defined as a 
MCC using the IR satellite imagery during the austral warm season (October to May) 
from 1998 to 2007. Using the CLASS data and methods described by Durkee and Mote 
(2010), MCC occurrences were noted by time and location via available data, allowing 
for the identification of data points within the GNIP sites in which an MCC had or had 
not contributed to precipitation for the sample site for the month. This allowed for MCC 
precipitation samples to be noted separately from non-MCC precipitation samples for the 
GOES-8 and GOES-12 satellite data that are available for the study area during the event 
period under examination. 
4.2. Data Analysis 
 The main points focused on for data analysis were the latitude and longitude of 
the stations (to limit observations to individual areas), the sample dates for precipitation, 
the δ2H and δ18O values of precipitation samples, and the precipitation amount. Event 
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(daily) data were limited to stations in São Paulo state (1996 to 1998), while monthly 
resolution data from Campo Grande (1975 to 1979), Porto Alegre (1965 to 1983), and 
Rio de Janeiro (1961 to 1985) were analyzed to provide a point of reference for different 
areas within the SSA Brazil region over multiple periods.  
Due to differences in the timespan each database covered, the possibility of 
variability in climate over decades was considered. To reduce the influence of climate 
variability over time on interpretations, identification of trends was limited to comparing 
date-specific variables, such as the precipitation amount to isotope composition of a 
storm sample from the same date in the same region. Different sites were compared 
primarily by what trends were present between variables, as well as generalizations based 
upon averages of the total dataset for areas with overlapping dates. 
The GNIP event resolution data provided for the study area were analyzed for 
trends of δ2H and δ18O variability over time and then compared to measurements of 
precipitation provided by the GNIP stations. Local Meteoric Water Lines (LMWLs) were 
created comparing δ2H and δ18O of GNIP, giving an idea of the distribution of isotope 
composition and the range of variation. Comparisons of LMWLs to the GMWL, as well 
as reasons for differences in isotope composition between different water sources of the 
region, were considered. Monthly resolution data from surrounding areas were used to 
examine general trends of precipitation and δ18O in other areas of SSA Brazil. GOES-8 
and GOES-12 satellite data that matched GNIP event data were checked to identify 
whether sampled precipitation events matched established MCC occurrence over an 
available two-month range between October and November, 1998. The MCC events were 
further cross-referenced with TRMM data to provide a second recording of precipitation 
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amounts in order to have higher-resolution data that verify storm event presence between 
























CHAPTER 5: Results and Discussion 
 The GNIP database provides a wide array of variables related to precipitation 
from the collected samples, with accompanying information about the station location. 
Analysis of these data provided answers to the posed research questions: 
1. What are the isotope characteristics of precipitation in subtropical South 
America? 
2. What relationship exists between the amount of precipitation in an MCC 
precipitation event and the isotope characteristics of a precipitation sample from 
the event? 
3. Do available isotope databases provide indicators of multiple moisture sources or 
processes for water within the region for MCC development? 
The trends present in long-term datasets of precipitation in the region and surrounding 
areas were identified in an effort to provide context for the isotope composition of a 
period of observed MCC events. The GNIP data, along with secondary data from Durkee 
and Mote (2010), were used to identify the occurrence of MCC events over a two-month 
sample period. TRMM data were used as a secondary source of precipitation data to 
determine the amount effect and as high-resolution data to determine the occurrence of 
storm events that spanned multiple days in the study area.  
5.1. Comparisons of δ2H and δ18O in Precipitation 
 Rozanski and Araguás (1995) found that the distribution of δ2H and δ18O 
precipitation values in South America is governed by four major factors: i) three major 
sources of atmospheric moisture (Atlantic Ocean, Pacific Ocean, and Caribbean Sea); ii) 
the Andes mountain chain blocking free air flow, causing orographic uplift of air masses 
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along the slope; iii) the presence of the world’s largest continental evaporative basin 
(Amazon Basin); and iv) seasonal movement of the Intertropical Convergence Zone 
(ITCZ) over the central and northern part of the continent. They suggested that the main 
influence of the Andes mountain chain is due to the altitude effect, but is limited to the 
Andes region, which does not encompass the SSA Brazil area used in this study. Other 
findings from Rozanski and Araguás (1995) regarding the isotopic distribution of 
precipitation related to this study included the seasonal distribution of rainfall from the 
ITCZ during warm seasons, which influences the precipitation amount and amount effect, 
the influence of temperature becoming more pronounced farther south in the area during 
winter, and the continental effect as precipitation moves farther inland from the Atlantic 
Ocean coast. These influences were examined in the dataset from the GNIP stations to 
determine how they influence MCCs in the study area.  
The δ2H and δ18O precipitation values were analyzed through the creation of 
LMWLs for each area of study. LMWLs are a means to compare the δ2H and δ18O of 
water samples collected from either a single site, or a set of local sites. These can be 
related to the Global Meteoric Water Line (GMWL), as seen in Equation 2.4, which 
represents precipitation that has not been re-evaporated (Craig 1961). The main factors 
that cause LMWLs to vary from the GMWL are the temperature of condensation of the 
precipitation and the degree of rainout of the air mass (Dansgaard 1964). Comparing 
temperatures of condensation between the sites, the annual mean temperature at the São 
Paulo event sites is 18-22°C, Rio de Janeiro is 20-22° C, Campo Grande is 22-24° C, and 
Porto Alegre is 16-18° C (Alvares et al. 2013). The degree of rainout is based largely on 
the sources of moisture for an air mass, the number of successive rain events an air mass 
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experiences, the amount effect, whereby the greater the amount of rainfall the lower the 
δ2H and δ18O values, and the continental effect, in which δ2H and δ18O values decrease 
the farther inland a site is located, due to rainout of the heavy isotope as a moist air mass 
moves across dry land (Rozanski et al. 1993). 
 
 
Figure 5.1 GNIP São Paulo LMWL and isotope values. 
Source: Created by the author with data from IAEA/WMO (2014). 
 
   











GNIP São Paulo Event LMWL (February 1996 
to November 1998)




Figure 5.2 Campo Grande LMWL and isotope values.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
Figure 5.3 Porto Alegre LMWL and isotope values.  
Source: Created by the author with data from IAEA/WMO (2014). 















Campo Grande LMWL                            
(Monthly January 1975 to September 1979)




Figure 5.4 Rio de Janeiro LMWL and isotope values.  
Source: Created by the author with data from IAEA/WMO (2014).  
 
 
Table 5.1 LMWL values of GNIP sites.  
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Source: Created by the author with data from IAEA/WMO (2014). 
 
Figure 5.1 is a plot of the LMWL of the GNIP event data in São Paulo from 
February, 1996, to November, 1998. Figures 5.2, 5.3, and 5.4 are the LMWLs for Campo 
Grande, Porto Alegre, and Rio de Janeiro, respectively, based upon monthly samples 
collected at each station over the period of time specified in each figure. Table 5.1 













Rio de Janeiro LMWL (Monthly November 
1961 to September 1985)
Monthly Samples Mean Value
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displays the values of each overall LMWL, showing comparisons between each region. 
The slope and intercept of any LMWL is largely a result of differential fractionation of 
δ2H and δ18O as a function of humidity during primary evaporation of water vapor from 
the ocean, as well as a function of temperature during secondary evaporation as rain is 
falling from a cloud (Benjamin et al. 2004). The higher the humidity of a vapor source, 
the more the LMWL is influenced by the 18O/16O ratio, which decreases the intercept 
value. In contrast, the higher the humidity in an environment, the less the slope is 
influenced by evaporative loss (Clark and Fritz 1997).  
One basic trend present within the study area is that all the LMWLs display a 
slope equal to 8 ± 0.5, which is similar to the GMWL slope of 8; other studies also show 
most long-term data in the region trend towards this value (Rozanski and Araguás 1995). 
Of the monthly-resolution slopes and intercepts for sites in Table 5.1, Campo Grande has 
the greatest values of 8.08 and 13.46, respectively, while Porto Alegre has the lowest 
values with 7.67 and 10.56, respectively. The difference is likely a result of the contrast 
between humidity and temperature between sites, as shown by the changes in the Köppen 
climate classification for the sites shown in Figure 3.5 (Alvares et al. 2013). While the 
differences of climate can explain the slight LMWL variations, the overall similarities 
may be due to the characteristics of the primary evaporation from the ocean not differing 
significantly from site to site (Benjamin et al. 2004). Therefore, storms produce similar 
LMWLs, which could suggest the moisture source of each area displays the same 
characteristics and, as a result, are possibly derived from the same moisture source. 
The mean values for both δ2H and δ18O follow the same pattern between monthly 
resolution regions, with Campo Grande having the most negative values, followed by 
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Porto Alegre and, finally, Rio de Janeiro. The difference in respective mean δ2H and δ18O 
values between sites ranges from a low of -39.26‰ and -6.50‰, respectively, at Campo 
Grande, to a high of -17.23‰ and -3.71‰, respectively, at Rio de Janeiro. In addition, 
the overall range between δ2H and δ18O at each site follows almost the same trend as the 
mean δ2H and δ18O values. The difference in δ2H and δ18O averages between sites 
matches the predicted continental effect described in the study by Rozanski and Araguás 
(1995), in which areas farther inland are more isotopically depleted, due to rainout. Some 
of the other potential causes for differences in higher or lower mean δ2H and δ18O values 
along similar LMWL slopes, are illustrated below, based upon Figure 5.6. 
 
 
Figure 5.5 Summary of hydrologic process influences on precipitation δ2H and δ18O 
values  




Figure 5.5 presents a generalized graph on interpreting meteoric water lines, 
created by the research team called the Sustainability of semi-Arid Hydrology and 
Riparian Areas (SAHRA 2005). Generally, cooler temperatures, high latitude, high 
altitude, and being farther inland are associated with lower δ2H and δ18O values (Figure 
5.5), while warmer temperatures, low latitude, low altitude, and being closer to the coast 
are associated with higher δ2H and δ18O values (SAHRA 2005). In order to compare the 
trend of mean δ2H and δ18O values between sites to hydrologic processes, the average 
annual temperature, latitude, altitude, and distance from the coast were used to evaluate 
these isotopic influences on precipitation isotope variability (Table 5.2). Due to multiple 
stations for São Paulo, the values used ranged from the lowest to highest in the dataset. 
 
Table 5.2 Summary of influences on δ2H and δ18O values in the study area.  









São Paulo 18 to 22 -22.66 to -23.0 488 to 864 ~120 to 220 
Campo Grande 23 -20.47 572 ~910 
Porto Alegre 17 -30.08 7 ~80 
Rio de Janeiro 21 -22.90 26 ~5 
Source: Alvares et al. (2013); IAEA/WMO (2014). 
 
The annual mean temperature from highest to lowest is Campo Grande, Rio de 
Janeiro, and Porto Alegre, while the latitude from lowest to highest is Campo Grande, 
Rio de Janeiro, and Porto Alegre. The altitude from lowest to highest is Porto Alegre, Rio 
de Janeiro, and then Campo Grande. The distance from the Atlantic Ocean coast from 
closest to farthest is Rio de Janeiro, Porto Alegre, and Campo Grande. Based upon these 
data, the general trends in mean δ2H and δ18O values seem to differ from site to site, 
likely due to the distance from the Atlantic Ocean causing the continental effect to be 
much stronger in Campo Grande compared to closer coastal sites (Rozanski and Araguás 
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1995). A reason for the temperature likely having a stronger impact on Porto Alegre is 
due to this site having the farthest southern latitude of the sites (Rozanski and Araguás 
1995). In addition, the amount effect is difficult to determine from the monthly datasets, 
due to the variability among storms that contribute to the cumulative rainfall sample, 
unless an isolated MCC was the only event to occur during a sampling period.  
 While São Paulo was left out of direct comparisons to the monthly-resolution 
sites, due to the difference in time covered by the datasets as well as the difference in 
resolution, the values are still listed in Tables 5.1 and 5.2. The range of δ2H and δ18O 
values for the São Paulo event-resolution samples is higher than any of the monthly 
values, which suggests that individual precipitation events have a greater amount of 
variation than the monthly averages represent. This variation in isotopic composition at a 
higher resolution is important, since MCC events occur on the scale of hours rather than 
months, so the resolution at which samples are collected may influence the isotopic 
values representing MCC events. 
Other São Paulo event values do not have as great a departure from the monthly 
resolution values; therefore, this leaves the remaining sample-to-sample variation within 
sites more dependent on parameters of the weather, climate, or individual storms as the 
primary influences on isotopic characteristics for an MCC. In this way, a consistent 
database of δ2H and δ18O precipitation values at a site provides additional detailed 
information about meteorological processes of a region, which can help in identification 
of characteristics of storm types, such as MCCs, and ultimately lead to better 
understanding of the degree to which various atmospheric and source moisture aspects 
contribute to MCC events.  
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5.2. Isotopic Trends 
Rozanski and Araguás (1995) suggested that seasonal variation in the region 
likely has a strong influence on aspects that control δ2H and δ18O values in precipitation. 
One such example is the presence of the ITCZ or South American Convergence Zone 
(SACZ) during different seasons, as seen in Figure 5.6 (Flantua et al. 2016). The position 
of the ITCZ during the austral warm season contributes moisture to the South American 
Monsoon System (SAMS), likely due to the ITCZ position during that time displacing 
low-level jets carrying moisture from the Amazon region to the SSA region (Durkee and 
Mote 2010). The SAMS is associated with heavy rainfall advancing southward from the 
topical to subtropical latitudes between December and February (Flantua et al. 2016). As 
MCC events are associated with heavy precipitation, and their most frequent occurrence 
is during the austral warm season (Durkee et al. 2009), the ITCZ’s influence on 
monsoons in the region during that time could contribute to MCC occurrence and, thus, 
show the influence of a different moisture source on MCC events. It is possible that 
varying influences from the ITCZ and other moisture sources (Atlantic and Pacific 
Oceans) evolve to contribute to MCC formation with different isotopic signatures based 




Figure 5.6 Seasonal variations of the ITCZ and SACZ in South America.  
Source: Flantua et al. (2016). 
 
In order to relate δ2H and δ18O to possible moisture sources and evaporation 
processes, deuterium excess (d-excess) was calculated using Equation 5.1 following 
Dansgaard (1964): 
𝐃𝐞𝐮𝐭𝐞𝐫𝐢𝐮𝐦 𝐄𝐱𝐜𝐞𝐬𝐬 = 𝛅𝟐𝐇 − 𝟖 𝛅𝟏𝟖𝑶                                                       (Eq. 5.1) 
 
The d-excess values are another means to examine how the δ2H and δ18O of discrete 
samples differ from the GMWL, with the GMWL having an average d-excess of 10 
(Froehlich et al. 2002). The d-excess value is influenced by humidity, air temperature, sea 
temperature, and prevailing conditions of air masses as storms travel to the precipitation 
sites (Froehlich et al. 2002) and primarily is an indicator of differences in source water 
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for a storm (Dansgaard 1964). Changes in d-excess over time are plotted with references 
for values that occurred during the austral warm season (October to May) in order to 
identify trends related to season for precipitation sources in the region. 
 
Figure 5.7 São Paulo event d-excess by season, 1996-1998.  



















São Paulo Event d-Excess by Season (February 1996 
to November 1998)




Figure 5.8 Campo Grande monthly d-excess by season, 1975-1979.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
Figure 5.9 Porto Alegre monthly d-excess by season, 1975-1979.  














Campo Grande Monthly d-Excess by Season 
(January 1975 to September 1979)















Porto Alegre Monthly d-Excess by Season   
(January 1975 to December 1979)




Figure 5.10 Rio de Janeiro monthly d-excess by season, 1966-1969.  





Figure 5.11 Rio de Janeiro monthly d-excess by season, 1973-1976.  

















Rio de Janeiro Monthly d-Excess by Season 
(January 1966 to December 1969)















Rio de Janeiro Monthly d-Excess by Season 
(January 1973 to December 1976)
D-Excess (Warm Seasons) D-Excess (Non-Warm Seasons)d-excess (Non-Warm Season)d-excess (Warm Season)
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 The first noticeable trends of d-excess over time are in the São Paulo warm 
season, where values decline in d-excess relative to non-warm season values (Figure 5.7). 
In Figure 5.8, d-excess values for Campo Grande begin increasing from July, 1976, and 
level out around December, 1976, then decrease from that point starting in October, 
1977, and level out around March, 1978, none of which are related to warm season 
influence. In Figure 5.9, the d-excess of Porto Alegre decreases around January, 1977, 
and increases again around February, 1979, during the cool season. In Figure 5.10, the d-
excess of Rio de Janeiro decreases directly after each non-warm season value. In Figure 
5.11, the d-excess of Rio de Janeiro follows a consistent pattern of increasing during each 
warm season and decreasing during each non-warm season.  
Based on these trends, the influence of seasonality on d-excess seems more 
prevalent in São Paulo and Rio de Janeiro than in Campo Grande or Porto Alegre, with 
the austral warm season having much different d-excess values for the precipitation 
events. Figure 5.6 highlights the importance of the difference in seasonality influence on 
different regions, as the area with precipitation most affected by the ITCZ, SAMS, or 
SACZ includes both São Paulo and Rio de Janeiro, with Campo Grande much less 
affected and Porto Alegre unaffected (Flantua et al. 2016). This suggests that the ITCZ 
influence from seasonality could be present in the d-excess values, even at a monthly 
resolution, and could lead to characterizing seasonal moisture source variability with 
additional data collection and analysis of modern MCC events.  
In order to explain the other observed trends and influences, the d-excess was 
plotted in reference to the El Niño Southern Oscillation (ENSO) phase of each year. This 
was done to examine the influence the ENSO phase has on precipitation in the region, as 
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well as to complement the testing performed by Durkee and Mote (2010). In their 
research, correlations between MCC parameters and ENSO phase were hypothesized and 
revealed that a larger dataset is needed to find a potential connection. The ENSO phase of 
each year was determined based on historic Oceanic Niño Index (ONI) values, which are 
a running three-month mean of sea-surface temperature anomalies in the El Niño region. 
This area is between 5° N and 5° S latitude and between 120° W and 170° W longitude 
(NOAA 2016). An El Niño (warm) phase is defined as a year with five overlapping three-
month periods of, at, or above 0.5°C; a La Niña (cool) phase is defined as a year with five 
overlapping three-month periods at or below -0.5° C; and a moderate (between) phase is 
defined as a year with five overlapping three-month periods between 0.5° C and -0.5° C 
(GGWS 2016; NOAA 2016). As such, the three classifications for ENSO phases in the 






Figure 5.12 São Paulo event d-excess by ENSO phase, 1996-1998.  
Source: Created by the author with data from IAEA/WMO (2014) and NOAA (2016). 
 
 
Figure 5.13 Campo Grande monthly d-excess by ENSO phase, 1975-1979.  



















São Paulo Event d-excess by ENSO Phase (February 
1996 to November 1998)














Campo Grande Monthly d-excess by ENSO 
Phase (January 1975 to September 1979)




Figure 5.14 Porto Alegre monthly d-excess by ENSO phase, 1975-1979.  
Source: Created by the author with data from IAEA/WMO (2014) and NOAA (2016). 
 
 
Figure 5.15 Rio de Janeiro monthly d-excess by ENSO phase, 1966-1979.  















Porto Alegre Monthly d-excess by ENSO Phase 
(January 1975 to December 1979)
















Rio de Janeiro Monthly d-excess by ENSO Phase 
(January 1966 to December 1969)




Figure 5.16 Rio de Janeiro monthly d-excess by ENSO phase, 1973-1976.  
Source: Created by the author with data from IAEA/WMO (2014) and NOAA (2016). 
 
 
 Framing d-excess in reference with ENSO phases allows for further 
characterization of trends present within the dataset and possible sourcing of moisture 
variability, due to the relation of d-excess to moisture source. The influence of ENSO 
phases on moisture source transport in the region is also explored in the research by 
Drumond et al. (2014), in which El Niño phases over a 33-year period are associated with 
increased transport of moisture from the Amazon Basin to the subtropical region. 
Transport from the Amazon to the subtropics would result in the isotopic composition of 
precipitation from this moisture source undergoing more evaporation than from an 
Atlantic Ocean moisture source, due to the distance traveled over land increasing the 
rainout effect (Rozanski and Araguás 1995). The d-excess of São Paulo reaches a peak 















Rio de Janeiro Monthly D-Excess by ENSO Phase 
(January 1973 to December 1976)
D-Excess (La Nina) D-Excess (El Nino)d-exce s (La Niña) d-excess (El Niño)
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phase and a La Niña phase, following which the d-excess values begin to increase. While 
warm seasons in São Paulo tend to be characterized by d-excess decreases, the warm 
season centered on January, 1998, was uncommonly low and could be better explained 
by the transition from an El Niño to a La Niña phase occurring at the same time, and the 
ONI values for that cycle being anomalously high.  
The bell curve progression of the d-excess of Campo Grande (Figure 5.13) seems 
to be due to the transition from a La Niña phase to an El Niño phase, followed by a 
moderate phase, which displays a wider distribution of d-excess values than the La Niña 
phase. The overall trend could be due to the previously discussed differences in location, 
where Campo Grande is the farthest site inland and thus displays a different pattern than 
the other sites, due to less Pacific moisture contribution. Figure 5.14 shows two sudden 
shifts around January to February, 1977 and 1979 in Porto Alegre’s d-excess values 
directly in the middle of an ENSO phase. The shifts in Porto Alegre may be due to the 
slow transition towards another ENSO phase, as well as seasonality and temperature 
fluctuations, due to taking place halfway through a warm season each time, before 
stabilizing in the following non-warm season. Figure 5.15 illustrates the sudden decrease 
in Rio de Janeiro’s d-excess during the transition from a La Niña to an El Niño phase, 
while Figure 5.16 indicates that the La Niña phase was highly consistent with seasonal 
variation dominating the site at the time, followed by a sudden shift as the transition to an 




Figure 5.17 Graph of d-excess influences.  
Source: Froehlich et al. (2002). 
 
 
 Figure 5.17 shows some of the potential influences of the d-excess value itself, 
attributing higher values to enhanced moisture recycling and lower values to enhanced 
evaporation loss (Froehlich et al. 2002). Based on the data for each site, both seasonality 
and ENSO phases can separately, or simultaneously, influence the d-excess of SSA 
Brazil (Rozanski and Araguás 1995; Moerman et al. 2013; Cai and Tian 2016) and likely 
are due to variability in the moisture source evaporative processes occurring within the 
region and beyond. Warm seasons contribute to enhanced evaporation loss in most cases, 
while El Niño phases are associated with enhanced evaporation loss in the case of São 
Paulo, Porto Alegre, and Rio de Janeiro. This agrees with other research that associates 
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El Niño occurrence with higher δ18O values (Moerman et al. 2013; Cai and Tian 2016) 
and lower d-excess values that are derived from higher δ18O and δ2H values in 
precipitation, possibly from increased ocean temperatures enhancing evaporation, 
particularly in the Pacific and Amazon regions. The influence of an ENSO phase on 
moisture transport could explain why Campo Grande, the farthest inland site and closest 
to the Amazon Basin, shows the strongest dependence on an ENSO phase related to inter-
annual d-excess values; in contrast, a coastal site, such as Rio de Janeiro, still displays a 
strong seasonal influence even when shifted by ENSO phases.    
 
 
Figure 5.18 São Paulo d-excess vs precipitation, 1996-1998.  


















São Paulo Event d-excess vs Precipitation (February 





Figure 5.19 Campo Grande d-excess vs precipitation, 1975-1979.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
Figure 5.20 Porto Alegre d-excess vs precipitation, 1965-1983.  






































Figure 5.21 Rio de Janeiro d-excess versus precipitation, 1961-1985.  
Source: Created by the author with data from IAEA/WMO (2014).  
 
 
 A relationship between d-excess and precipitation amount was observed for each 
site’s dataset (Figures 5.18, 5.19, 5.20, and 5.21). The most common trend present is an 
increase in precipitation amount with a decrease in d-excess values for São Paulo, Rio de 
Janeiro, and, to a lesser extent, Porto Alegre. Campo Grande does not display the same 
pattern, with a greater amount of variation in d-excess values than the other sites. This 
same comparison between sites was observed in regards to the effect of seasonality on d-
excess of each site, in which São Paulo and Rio de Janeiro are both influenced greatly, 
followed by Porto Alegre and then Campo Grande. This could be explained by the 
influence of the warm season ITCZ on precipitation samples being much greater in São 
Paulo and Rio de Janeiro (Flantua et al. 2016). MCC events are associated with high 





















highest precipitation events of the São Paulo and Rio de Janeiro regions, and may best 
describe the d-excess values of MCC events in those regions. Due to the patterns seen 
from comparing d-excess to precipitation amount, the precipitation totals were also 
compared to the δ2H and δ18O of each site to observe how both change over time. Based 
on the distinct pattern of d-excess compared to high amounts of precipitation, as well as 
the amount effect process, a relationship between δ2H and δ18O values to high 
precipitation amounts was expected, but not detected in the datasets. 
 
 
Figure 5.22 São Paulo δ2H and precipitation, 1996 to 1998.  



































São Paulo δ2H vs Precipitation (February 1996 to 
November 1998)




Figure 5.23 São Paulo δ18O and precipitation, 1996 to 1998. 
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
 Figure 5.22 is a comparison of the two-period moving averages of δ2H values and 
precipitation amount from GNIP event data in São Paulo, allowing for a variety of 
patterns to be discerned over time. Two period moving averages were chosen in order to 
display a representation of both δ2H and precipitation datasets on the same graph over 
time to identify general trends between the two datasets, while reducing some of the 
noise in the records. The δ2H values tend to increase (decrease) during times at which the 
average precipitation amount decreases (increases). During the austral warm season 
(October to May), precipitation samples typically have higher precipitation amounts and 
lower δ2H values, ranging from 60 mm to 80 mm and -100‰ to -120‰, respectively. 

































São Paulo δ18O vs Precipitation (February 1996 to 
November 1998)
2 per. Mov. Avg. (δ18O) 2 per. Mov. Avg. (Precip)(δ18O)
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amounts and higher δ2H values, ranging from 20 mm to 40 mm and 20‰ to 40‰. This 
difference shows the extent by which the characteristics of precipitation may be 
influenced by seasonality, due to moisture source and evaporative effects. During the 
warm season, it is likely that storms were evolving from farther away and in areas of 
warmer temperatures and higher evaporation, such as the Pacific and Amazon basins, 
though during El Niño events this may be the opposite case. These data also provide a 
cross-reference for what range can be expected for MCC events, due to how MCC events 
were expected to have high recorded precipitation and known to be more frequent in the 
region during the austral warm season (Durkee et al. 2009).   
Figure 5.23 displays the comparison of the two moving averages of δ18O and 
precipitation from GNIP event data in SSA Brazil. The patterns between δ18O and 
precipitation are similar to those of δ2H, with peak lows being approximately -10‰ and 
peak highs being approximately 3‰ for δ18O values. Another feature of note in Figures 
5.22 and 5.23 is the period of time centered on January, 1998, which has the most 
variation in precipitation amount and isotope composition between samples. This period 
also had the highest precipitation amounts, displaying the complexity of intra-seasonal 
storm variability effects on isotopic values influenced by season, moisture source, and 
geographic location. In January, 1998, the ENSO phase was in transition between El 
Niño and La Niña (NOAA 2016) and a part of the austral warm season during which the 
most MCCs occur (Durkee et al. 2009); it is also part of the peak maturity months for the 
SAMS (Flantua et al. 2016). During January, 1998, the δ18O values fluctuated, without an 
associated similar increase and decrease in precipitation amount. Changes in isotopic 
composition of precipitation during periods of major influence from a change in 
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precipitation amount could be from the influence of factors beyond rain amount, such as 
temperature and spatial location. In addition, the timescale during which this change in 
isotope composition occurs is over the course of a single month, once again showing how 
resolution can influence the interpretation drawn from a dataset, as well as the importance 
of high-resolution data to identify and characterize MCC events isotopically. In contrast 
to the higher resolution event data of São Paulo, the δ18O values and precipitation 
amounts of the monthly resolution sites of Campo Grande, Porto Alegre, and Rio de 
Janeiro were also compared. 
 
Figure 5.24 Campo Grande Monthly Events, 1975-1979.  













































Figure 5.25 Porto Alegre Monthly Events, 1965-1970.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
Figure 5.26 Porto Alegre Monthly Events, 1972-1983.  












































































Figure 5.27 Rio de Janeiro Monthly Events, 1961-1969.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
Figure 5.28 Rio de Janeiro Monthly Events, 1972-1976.  














































































Figure 5.29 Rio de Janeiro Monthly Events, 1983-1985.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
 Figures 5.24, 5.25, 5.26, 5.27, 5.28, and 5.29 show the relationship between δ18O 
and the precipitation amount for monthly samples collected at stations in Campo Grande, 
Porto Alegre, and Rio de Janeiro, respectively, over different time periods. A general 
trend is that higher amounts of precipitation are associated with more negative δ18O 
values, although in some cases the data seem not to follow this trend. The sample 
analyzed as representative of March, 1978, for Campo Grande is the most negative δ18O 
value in the Campo Grande dataset; yet, the associated precipitation for that month is 
only 64.8 mm, despite being during the austral warm season as well. The March, 1978, 
value for Campo Grande was the first sample taken after a transition from an El Niño 
phase to a moderate phase. Examples such as the March, 1978, data stress that resolution 









































greater degree and skewing the results, despite some overall trends from single 
influences, such as the amount effect. In order to test the São Paulo site for the influence 
of the amount effect, linear regressions of δ18O versus precipitation amount were graphed 




Figure 5.30 São Paulo Amount Effect Regression, 1996-1998.  























Figure 5.31 São Paulo GNIP El Niño Amount Effect. 
Source: Created by the author with data from IAEA/WMO (2014) and NOAA (2016). 
 
 
Figure 5.32 São Paulo GNIP La Niña Amount Effect.  
Source: Created by the author with data from IAEA/WMO (2014) and NOAA (2016). 
 
 
 The contribution of precipitation amount to δ18O variability in São Paulo changes 
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São Paulo GNIP La Niña Amount Effect (January 






examined as an entire dataset, with no distinctions made, the R2 value is approximately 
0.08, while the El Niño values have an R2 of approximately 0.04 and the La Niña values 
have an R2 of approximately 0.18 for São Paulo’s event data. The particularly low R2 
values and larger associated p values during the El Niño phase make sense in reference to 
the aforementioned research that associated the El Niño phase with higher δ18O values 
(Moerman et al. 2013; Cai and Tian 2016). This is due to all the precipitation values 
being influenced by El Niño and the likely source of moisture being associated with 
moisture derived from geographically closer sources due to a lack of continental effect 
until farther inland (Rozanski and Araguás 1995). While none of the values are 
significant alone, the amount effect during a La Niña phase in the São Paulo region 
seems, at least partially, to account for the isotopic composition of rainfall, and may 
signify storms evolving over greater distances and from varying moisture sources.  
 Overall, a significant complex of different factors influence isotope composition 
in SSA Brazil. The continental effect and rainout drive more negative δ2H and δ18O 
values as the distance from the Atlantic and Pacific Oceans increases (Rozanski and 
Araguás 1995). Seasonality also plays a major role in the isotope composition of 
precipitation in São Paulo and Rio de Janeiro, due to influences on precipitation and 
ITCZ-related seasonal events, such as the SAMS occurring in the region (Rozanski and 
Araguás 1995; Flantua et al. 2016). Moreover, ENSO phase transitions also are generally 
associated with shifts in isotope composition in the region (IAEA/WMO 2014; NOAA 
2016). Based upon the variability in the dataset, shifts in isotope composition in the study 
area reflect seasonality, providing a plausible mechanism through which different sources 
of moisture and variability in precipitation amounts could result.  
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Isotope characterization of individual, high-resolution precipitation events could 
lead to a better understanding of the different moisture sources involved, the 
contributions of each moisture source, and the conditions of the air mass en-route to the 
site where precipitation occurs (Froehlich et al. 2002). As such, general precipitation 
events in the region were characterized, as well as verified MCC events over a sample 
period, in order to assess characteristics of the specific storm types of interest. This 
characterization of MCC storm events allows for comparison to precipitation trends of 
the region in general, which helps explain the various mechanisms responsible for the 
isotopic composition of MCC events. 
 
 
Figure 5.33 MCC rainfall contribution to total rainfall during October and November, 
1998 to 2007.  





5.3 MCC Event Characterization  
Using GOES-8 and GOES-12 satellite data, MCC events were identified within 
the study area during October and November, 1998. The same satellite data were used to 
identify the contribution of MCC rainfall to total rainfall during October and November 
between 1998 and 2007, as seen in Figure 5.13 (Durkee et al. 2009). The São Paulo 
region had MCCs occur regularly during both October and November, 1998 (Figure 
5.33), and all available event data from that time period were verified as having an MCC 
occurrence in the region. The satellite data, as well as GNIP event data, allowed for the 
analysis of MCC events over the sample period that the datasets overlap. TRMM data are 
3-hour resolution precipitation data that can verify cases in which MCC events took place 
across multiple days, or after isotopic sampling had occurred, as well as track the general 
movement of storms. 
 
 
Figure 5.34 São Paulo MCC LMWL Sample Period.  
Source: Created by the author with data from IAEA/WMO (2014). 
 





















Figure 5.35 São Paulo Non-MCC Events LMWL, October to November, 1998.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
  
 Figures 5.34 and 5.35 are LMWLs for MCC and non-MCC events that took place 
during from October to November, 1998, in São Paulo. The largest difference between 
the two plots is the MCC events LMWL, which has a wider range of values and a more 
even distribution along the LMWL, rather than clustering at a single section of the 
LMWL like the non-MCC events. Both LMWL slopes still fall within the average of +/- 
0.5 of the GMWL (USGS 2004). The months when sampling occurred were all during 
the La Niña phase during the austral warm season, so ENSO phase and season influence 
should remain consistent between values. The amount effect influence was tested for   
São Paulo during the sample period (Figure 5.36). 






















Figure 5.36 São Paulo amount effect influence between October and November, 1998. 
Source: Created by the author with data from IAEA/WMO (2014). 
 
 
Figure 5.37 São Paulo MCC amount effect between October and November, 1998 
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 Figure 5.36 and 5.37 display the linear regressions of δ18O vs precipitation 
amount to illustrate how much of the isotope composition the amount effect determines 
in the data. The overall dataset has an R2 of approximately 0.19, while the MCC-only 
event data have an R2 of approximately 0.20, both of which are only slightly higher than 
the R2 of approximately 0.18 for the 1998 La Niña phase as a whole in São Paulo. Based 
upon these regressions, it would seem the amount effect is not the driving influence 
determining the isotopic composition of MCC precipitation in SSA Brazil, although the 
amount effect could play a regional role in MCC events, due to their large size.  
 
Figure 5.38 d-excess of São Paulo events, October to November, 1998.  
Source: Created by the author with data from IAEA/WMO (2014). 
 
 Figure 5.38 shows the variation in d-excess values over time for both MCC and 
non-MCC events of São Paulo during October to November, 1998. Non-MCC events 
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8‰ to 25‰. These differences in d-excess can represent differences in the physical 
characteristics of the oceanic source area of the precipitation (Merlivat and Jouzel 1979), 
as well as the conditions and mixing of the air mass during travel (Froehlich et al. 2002). 
Due to d-excess value’s relation to source water composition, conditions of source 
waters, and evolution of air masses, the values of MCC events being distinct from non-
MCC events could suggest a number of different causes, such as different source waters, 
the interaction and combination of multiple air masses, or the distance the air mass 
traveled. The overlap of the values likely indicates that these myriad factors all play a 
role in storm development in the region, with varying levels of influence from pertinent 
factors that create MCC events during different seasons and climatic regimes.  
 
Figure 5.39 São Paulo d-excess versus precipitation, October to November, 1998.  
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 Figure 5.39 displays the d-excess compared to precipitation amounts of MCC 
events and non-MCC events during October to November, 1998. The d-excess values of 
MCC events tend to cluster between 10 to 20‰, with anywhere from about 5 to 15 mm 
of precipitation associated with the daily event, falling within the same parameters as the 
greatest cluster of values displayed in Figure 5.17, which shows the same analysis over 
the period of February, 1996, to November, 1998. In comparison to MCC events, the 
non-MCC event d-excess values range over a smaller variation and group together more 
tightly in precipitation amount as well. Analysis of δ18O and precipitation amounts over 
time was performed to see the potential amount effect influence, and the results indicate 
it is variable (Figures 5.40 and 5.41). 
 
Figure 5.40 São Paulo Event δ18O vs Precipitation, October to November, 1998.  
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 Figure 5.40 shows how both δ18O and the precipitation amount changed over time 
in São Paulo from October to November, 1998, with some dates having multiple samples 
taken at the different São Paulo GNIP sites and at different times during the day, although 
no exact time was given. The precipitation amount is greatest around October 9, 1998, 
and declines for the rest of the month, remaining consistent for most of November around 
10 mm, with the exception of 21 mm recorded on 9 November and 34 mm recorded on 
16 November. The δ18O values trend in such a way that they become increasingly more 
negative up until October 18, and then the precipitation amount decreases and δ18O 
becomes more positive for the rest of October. During November, 1998, δ18O values are 
more positive than the values during the first half of October, with the exception of a 
value of -7.16‰ on November 9 and -5.91‰ on November 26. Overall, the δ18O values 
tend to become more negative as precipitation amount increases, fitting the influence of 
the amount effect described in the area. Figure 5.41 shows only MCC samples in order to 
observe if the same trends are present. 
The general trend of δ18O values becoming more negative as precipitation 
amounts increase holds true in Figure 5.41, and an example of the time scale of some of 
these storms is evident. On dates with multiple samples taken at the different sites within 
São Paulo, the areas of higher precipitation amounts generally have more negative δ18O 
values. In cases such as October 25-27, there were continuous MCC event samples rather 
than a single sample for the event. The trend in continuous sampling was easier to 
observe and showed more clearly how MCC events evolve isotopically over the duration 
of an event, due to the samples coming from the same MCC event, rather than from 
separate events occurring in the same month. More continuous samples for a single MCC 
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event would allow for more observations of how MCC events evolve over time, which 
would allow for greater understanding of the processes the precipitation undergoes from 
moisture source to collection after precipitation occurs. To provide some additional 
reference for the speed and duration of MCCs relative to 24-hour sampling periods, and 
to validate the need for high-resolution sampling, a 24-hour period containing an MCC 
event in São Paulo was mapped with TRMM rainfall data overlain at a three-hour 
resolution (Figures 5.42 through 5.50). 
 
 
Figure 5.41 São Paulo Event δ18O vs Precipitation, October to November, 1998.  
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Figure 5.42 00:00 October 17, 1998, TRMM map, with GNIP stations used in this study.  




Figure 5.43 03:00 October 17, 1998, TRMM map, with GNIP stations.  




Figure 5.44 06:00 October 17, 1998, TRMM map, with GNIP stations.  




Figure 5.45 09:00 October 17, 1998, TRMM map, with GNIP stations.  




Figure 5.46 12:00 October 17, 1998, TRMM map, with GNIP stations.  




Figure 5.47 15:00 October 17, 1998, TRMM map, with GNIP stations.  




Figure 5.48 18:00 October 17, 1998, TRMM map, with GNIP stations.  




Figure 5.49 21:00 October 17, 1998, TRMM map, with GNIP stations.  





Figure 5.50 00:00 October 18, 1998, TRMM map, with GNIP stations.  





 The TRMM maps in Figures 5.42 to 5.50 show precipitation occurred multiple 
times over the course of a single day over the São Paulo study area, the majority of which 
occurred between 00:00 and 09:00. Daily resolution samples have the potential to miss 
rain events based on when sampling takes place. As a result, the following day may have 
rainwater from the day before attributed to the sample. Higher-resolution data would 
reduce the probability of mislabeling data and would better capture individual storm 
events, such as the nine-hour-long event from 00:00 to 09:00 in Figures 5.42 to 5.45. The 
change in rainfall amount, as well as the location of rainfall over time, also demonstrates 
the variability of MCCs, such that despite the broad sampling coverage of the area, the 
subsequent isotopic values of a single sample for one event may not represent the entire 
event effectively.  
 Based upon all the analyses performed for the sample period of October to 
November, 1998, using GNIP data for São Paulo, a number of MCC characteristics were 
found and compared to non-MCC events of the same time period and locations. All 
samples were taken during the austral warm season, as well as during a La Niña phase, 
such that the influence of seasonality and ENSO phase should remain fairly consistent 
between samples.  
MCC events show a greater variability between samples in most parameters, 
including δ2H, δ18O, and d-excess values, compared to the non-MCC samples, which 
display much tighter grouping in regards to those three parameters. This could be due to 
the isotopic composition of the precipitation undergoing evolution along squall lines 
(Tremoy et al. 2014), where MCC events might be included. Tremoy et al. (2014) also 
noted in their research regarding the isotopic composition of water vapor, rather than 
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precipitation, that higher-resolution sampling and an increased number of sample sites 
would allow for better interpretation and modeling of mesoscale air masses, which is 
similar to this study’s finding. Monthly or daily resolution sampling are found to provide 
only a general characterization and are less useful in identifying singular precipitation 
event types among myriad influences on the isotopic composition of precipitation.  
5.4. Moisture Source Considerations 
 While both the Atlantic and Pacific oceans have been mentioned as potential 
moisture sources for precipitation, the importance and consideration of how each ocean 
could contribute to the moisture source warrants further discussion. Figure 5.51 shows 
the average δ18O of seawater, with the likely moisture sources for São Paulo coming from 
the nearby Atlantic Ocean, which is roughly 1.3‰, while the area of the Pacific Ocean 
from which the ITCZ and low level jets pass over has a δ18O of -0.3 to 0‰, indicating a 
distinct difference in initial δ18O values (Schmidt et al. 1999). The distance from the 
Pacific Ocean moisture source to São Paulo is greater than the distance from the Atlantic 
Ocean moisture source to São Paulo, which suggests a greater continental effect would be 
seen on precipitation in the region if the Pacific Ocean were a moisture source, due to the 
longer distance the moisture would require to travel over land.  
Another important aspect that could limit the use of each ocean in moisture 
sourcing is seasonality, as seen earlier in Figure 5.6, because the seasonality of the ITCZ 
and resulting SAMS during the warm season (Flantua et al. 2016) seems to be the driving 
force for changes in precipitation between seasons. This is the mechanism likely by 
which Pacific Ocean moisture could be introduced into the São Paulo region. However, 
another factor to consider is that the Amazon Basin is the world’s largest continental 
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evaporative basin and a closer potential source of moisture for MCC events; it also 
overlaps the area that low level jets and the seasonal shift of the ITCZ cover. Due to a 
closer proximity to the same proposed mechanism for moisture transport for the Pacific 
Ocean, the Amazon region moisture source would likely be more dominant in moisture 
transported via low-level jets during the warm season in the SSA region than Pacific 
Ocean moisture.    
 
Figure 5.51 Average δ18O of seawater.  
Source: Schmidt et al. (1999). 
 
 
As a result, precipitation events with a moisture source from the Amazon Basin or 
Pacific Ocean should be limited to the warm season, while the Atlantic Ocean remains 
the most dominant available moisture source for the region the entire year, although this 
may not be true during ENSO phases. Because MCCs can occur all year, Atlantic Ocean 
moisture source contributions seem likely. However, due to the highest precipitation 
amounts and most frequent MCCs occurring during the warm season when the SAMS is 
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active, and when the ITCZ is potentially feeding moisture into the system (Flantua et al. 
2016), it also seems likely that the addition of Amazon Basin or Pacific Ocean moisture 























CHAPTER 6: Conclusions 
 Using the historical data provided by GNIP sites, regional information regarding 
isotope characteristics of precipitation in SSA Brazil was compiled, including LMWLs, 
δ2H, δ18O, precipitation amount, and d-excess for interpretation. The driving factors in 
differences in isotopic composition of precipitation between sites within SSA Brazil are 
temperature, precipitation amount, the presence of seasonal events such as the SAMS and 
ENSO phases, and the distance and input from moisture sources. Within São Paulo state 
and Rio de Janeiro, seasonality is found to be the main control on isotopic composition of 
precipitation. Due to the seasonal shift in the ITCZ resulting in the SAMS (Flantua et al. 
2016), there is a likely mechanism for introduction of moisture from the Amazon Basin 
via displaced low-level jets that overlap both São Paulo state and Rio de Janeiro. Campo 
Grande’s isotopic composition relates most strongly to an ENSO phase and the 
continental effect, due to the site being farther from the Atlantic Ocean than any of the 
other sites. Porto Alegre is influenced strongly by both an ENSO phase and seasonality. 
While GNIP data are useful for determining the broad-scale interactions that 
occur between atmospheric processes and moisture that create MCC conditions, higher-
resolution data are more accurate for determining the primary influences and evolution of 
these storms. Using the daily resolution event data, MCC events were identified and 
characterized over a two-month sampling period during a warm-season La Niña phase. In 
comparison to non-MCC events, the MCC events display wider variation in isotopic 
characteristics, including their δ2H, δ18O, and d-excess values. In addition, MCC event 
δ18O variation is explained by precipitation amount in only 20% of the cases during the 
study period. Differences in d-excess values suggest the influence of other moisture 
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sources in some precipitation samples, such as the Amazon Basin or Pacific Ocean via 
the SAMS, and these should be considered as potential moisture sources alongside the 
Atlantic Ocean, which serves as the dominant influence the majority of the time.  
Future research should be performed using higher-resolution isotope data to 
characterize individual MCC events more effectively. This would allow further use of 
remote sensing satellite data for precipitation amounts, such as TRMM for older samples 
or GPM for modern samples, allowing for additional analysis between on-site 
precipitation amount measurements and remotely sensed precipitation measurements in 
the region; if different, this could provide more insight on how to reconcile the two 
values. Higher-resolution isotope data from MCC events would also better define how 
the events evolve isotopically over the course of a rainfall event, which could better 
represent the expected amount or rainout effect in an individual MCC event, as well as 
help in identifying individual moisture sources for sampled rain events. 
To analyze moisture sources for MCC events more effectively in future research, 
the source waters of the Atlantic Ocean, Pacific Ocean, Amazon Basin, and Caribbean 
Sea could all be sampled to provide a reference to MCC event precipitation samples for 
use in an IsoSource mixing model (Phillips and Gregg 2003; Phillips et al. 2005). This 
would provide a range of likely contribution percentages from each moisture source to 
MCC event precipitation samples in the SSA region. Based on the current research, the 
expected result is that the Atlantic Ocean should be the dominant moisture source for 
MCC events during the cool season, while a mixture of Amazon Basin and Atlantic 
Ocean moisture would be the moisture sources expected for warm season MCC events.  
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Based on the results of this study, the use of isotope hydrology to characterize 
high intensity, heavy precipitation MCC events could allow for greater understanding of 
their occurrence and origin in the region. Future studies should focus on information 
regarding the moisture and conditions of formation, rather than the spatial parameters of 
cloud shields. Focusing on moisture origin could help address issues in tracking the 
precipitation of MCCs that split (Durkee and Mote 2010) or merge (Jirak et al. 2002). 
Tracing the conditions and sources that produce the isotopic composition of MCC 
samples would allow the key ingredients of intense MCC events, or rain events similar 
isotopically to MCC events that do not meet the satellite imagery criteria to be defined as 
MCCs, to be better understood. The tracking and understanding of precipitation source 
and the influence of various climatic mechanisms could potentially allow for better 
monitoring of moisture source regions and conditions required for MCC events, before 
merging and MCC formation occurs. This could help in developing policies or protocols 
to reduce damage from MCCs and take better advantage of the vast amount of 












Aggarwal, P.K., Froehlich, K., Gonfiantini, R., Gat, J.R., 2005. Isotope Hydrology: A 
Historical Perspective from the IAEA. In Aggarwal, P.K., Gat, J.R., Froehlich, K. 
(eds.) Isotopes in the Water Cycle: Past, Present, and Future of a Developing 
Science. Berlin, Germany: Springer, 3-8.  
Alvares, C.A., Stape, J.L., Sentelhas, P.C., Gonçalves, J.L, Sparovek, G., 2013. Köppen's 
climate classification map for Brazil. Meteorologische Zeitschrift 22(6), 711-728.  
Anderson, C.J., Arritt R.W., 2001. Mesoscale convective systems over the United States 
during the 1997-1998 El Niño. Monthly Weather Review 129(9), 2443-2457.   
BBC (British Broadcasting Corporation), 2013. Argentina Floods “catastrophe” for La 
Plata, Buenos Aires. Available online at http://www.bbc.com/news/world-latin-
america-22023196 (accessed November 16, 2014). 
Becker, J., 2005. Recent developments in isotope analysis by advanced mass 
spectrometric techniques: Plenary lecture. Journal of Analytical Atomic 
Spectrometry 20(11), 1173–1184.   
Benjamin, L., Knobel, L.L., Hall, L.F., Cecil, L.D., Green, J.R., 2004. Development of a 
local meteoric water line for southeastern Idaho, western Wyoming, and south-
central Montana. U.S. Geological Survey Scientific Investigations Reports 2004-
5126. Reston, VA: U.S.G.S. 
Bigeleisen, J., Mayer, M.G., 1947. Calculation of equilibrium constants for isotopic 
exchange reactions. Journal of Chemical Physics 15(5), 261–267.   
Cai, Z., Tian, L., 2016. Atmospheric Controls on Seasonal and Interannual Variations in 
the Precipitation Isotope in the East Asian Monsoon Region. Journal of Climate 
29(4), 1339-1352.     
Carvalho, L.M.V., Jones, C., Liebmann, B., 2004. The South Atlantic Convergence Zone: 
Intensity, Form, Persistence, and Relationships with Intraseasonal to Interannual 
Activity and Extreme Rainfall. Journal of Climate, 17(1), 88–108.   
Clark, I.D., Fritz, P., 1997. Environmental Isotopes in Hydrogeology. New York, NY: 
Lewis Publishers.  
Coplen, T.B., 2012. Report of Stable Isotopic Composition. Reston, VA: United States 
Geological Survey, Reston Stable Isotope Laboratory, 1-4. 
Craig, H., 1961. Isotopic variations in meteoric waters. Science 133, 1702–1703.  
99 
 
Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16(4), 436–468.   
Drumond, A., Marengo, J., Ambrizzi, T., Nieto, R., Moreira, L., Gimeno, L., 2014. The 
role of the Amazon Basin moisture in the atmospheric branch of the hydrological 
cycle: A Lagrangian analysis. Hydrology and Earth System Sciences 18, 2577-2598.   
Durkee, J.D., Mote, T.L., 2010. A climatology of warm-season mesoscale convective 
complexes in subtropical South America. International Journal of Climatology 
30(3), 418–431.   
Durkee, J.D., Mote, T.L., Shepherd, J.M., 2009. The Contribution of Mesoscale 
Convective Complexes to Rainfall across Subtropical South America. Journal of 
Climate 22(17), 4590–4605.   
Dutton, A., Wilkinson, B.H., Welker, J.M., Bowen, G.J., Lohmann, K.C., 2005. Spatial 
distribution and seasonal variation in 18O/16O of modern precipitation and river 
water across the conterminous USA. Hydrological Processes 19(20), 4121–4146.  
Flantua, S., Hooghiemstra, H., Vuille, M., Behling, H., Carson, J.F., Gosling, W.D., 
Hoyos, I., Ledru, M.P., Montoya, E., Mayle, F., Maldonado, A., Rull, V., Tonello, 
M.S., Whitney, B.S., González-Arango, C., 2016. Climate variability and human 
impact in South America during the last 2000 years: synthesis and perspectives from 
pollen records. Climate of the Past 12(2), 483-523.   
Friedman, I., O’Neil, J.R., 1977. Compilation of Stable Isotope Fractionation Factors of 
Geochemical Interest. Data of Geochemistry, 440: KK1–KK12. Available online at: 
https://pubs.er.usgs.gov/publication/pp440KK. 
Froehlich, K., Gibson, J.J., Aggarwal, P., 2002. Deuterium excess in precipitation and its 
climatological significance. Working Paper available online at: 
http://www.science.uwaterloo.ca/~jjgibson/mypdfs/dexcess_JGR_wfigures.pdf 
(Accessed October 20, 2016). 
Gan, M.A., Kousky, V.E., Ropelewski, C.F., 2004. The South America Monsoon 
Circulation and Its Relationship to Rainfall over West-Central Brazil. Journal of 
Climate 17(1), 47–66.   
Gat, J.R., Mook, W., and Meijer, H., 2001. Environmental isotopes in the hydrological 
cycle, principles and applications, Vol. II, Atmospheric water. Vienna, Austria: 
International Atomic Energy Agency. 
GGWS (Golden Gate Weather Services), 2016. El Niño and La Niña Years and 
Intensities. San Francisco, CA: GGWS. Available online at: 
http://ggweather.com/enso/oni.htm (Accessed October 21, 2016). 
100 
 
Houze, R.A., Smull, B.F., Dodge P., 1990. Mesoscale organization of springtime 
rainstorms in Okalahoma. Monthly Weather Review 118(3), 613-654.   
Hughes, C.E., Crawford, J., 2012. A new precipitation weighted method for determining 
the meteoric water line for hydrological applications demonstrated using Australian 
and global GNIP data. Journal of Hydrology 464-465, 344–351.  
IAEA/WMO (International Atomic Energy Agency/World Meteorological Organization),  
2014. Global Network of Isotopes in Precipitation. Vienna, Austria: IAEA/WMO. 
Available online at: http://www-naweb.iaea.org/napc/ih/IHS_resources_gnip.html 
(Accessed November 16, 2014). 
Iguchi, T., Kozu, T., Kwiatkowski, J., Meneghini, R., Awaka, J., Okamoto, K., 2009. 
Uncertainties in the Rain Profiling Algorithm for the TRMM Precipitation Radar. 
Journal of the Meteorological Society of Japan 87A, 1–30.   
Jirak, I.L., Cotton, W.R., McAnelly, R.L., 2002. Satellite and Radar Survey of Mesoscale 
Convective System Development. Monthly Weather Review, 131(10), 2428–2449.   
Kortelainen, N., 2009. Isotopic Composition of Atmospheric Precipitation and Shallow 
Groundwater in Olkiluoto: O-18, H-2 and H-3. Working Paper available online at: 
http://www.posiva.fi/files/936/WR_2009-06web.pdf (Accessed October 15, 2016). 
Kouadio, Y.K., Servain, J., Machado, L.A.T., Lentini, C.A.D., 2012. Heavy Rainfall 
Episodes in the Eastern Northeast Brazil Linked to Large-Scale Ocean-Atmosphere 
Conditions in the Tropical Atlantic. Advances in Meteorology 2012, 1–16.  
Lachniet, M.S., Patterson, W.P., 2009. Oxygen isotope values of precipitation and surface 
waters in northern Central America (Belize and Guatemala) are dominated by 
temperature and amount effects. Earth and Planetary Science Letters 284(3-4), 435–
446.  
Laeter, J.D., Kurz, M.D., 2006. Alfred Nier and the sector field mass spectrometer. 
Journal of Mass Spectrometry 41(7), 847–854.   
Laing, A.G., Fritsch, J.M. 1997. The global population of mesoscale convective 
complexes. Quarterly Journal of the Royal Meteorological Society 123(538), 385-
405.   
Latin American Herald Tribune, 2008. 109 Dead In Brazil Rainstorms. Caracas, 
Venezuela. Available online at: 
http://www.laht.com/article.asp?CategoryId=14090&ArticleId=321912 (Accessed 




Latin American Herald Tribune, 2010. Death Toll in Brazil Rainstorm Climbs to 93. 
Caracas, Venezuela. Available online at:  
http://www.laht.com/article.asp?CategoryId=14090&ArticleId=354860 (Accessed 
November 16, 2014). 
Lee, J., Fung, I., 2008. “Amount effect ” of water isotopes and quantitative analysis of 
post-condensation processes. Hydrological Processes 22(1), 1–8.  
Letolle, R., Olive, P., 2004. A short history of isotopes in hydrology. In Proceedings of 
the UNESCO/IAHS/IWHA Symposium: The Basis of Civilization - Water Science? 
Rome, Italy, December 2003, International Association of Hydrological Sciences, 
44-96.  
Luz, B., Barkan, E., 2010. Variations of 17O/16O and 18O/16O in meteoric waters. 
Geochimica et Cosmochimica Acta 74(22), 6276–6286.   
Maddox, R.A., 1980. Mesoscale convective complexes. Bulletin of the American 
Meteorological Society 61(11), 1374-1387.   
Maddox, R.A., 1983. Large-scale meteorological conditions associated with mid-latitude 
mesoscale convective complexes. Monthly Weather Review 111(7), 1475-1493.   
McAnelly, R.L., Cotton, W.R., 1989. The precipitation life cycle of mesoscale convective 
complexes over the central United States. Monthly Weather Review 117(4), 784-808.  
Merlivat, L., Jouzel, J., 1979. Global climatic interpretation of the deuterium-oxygen 18 
relationship for precipitation. Journal of Geophysical Research 84(C8), 5029-5033.   
Moerman, J.W., Cobb, K.M., Adkins, J.F., Sodemann, H., Clark, B., Tuen, A.A., 2013. 
Diurnal to interannual rainfall δ18O variations in northern Borneo driven by regional 
hydrology. Earth and Planetary Science Letters 369-370(May), 108-119.   
Mohr, K.I., Slayback, D., Yager, K., 2014. Characteristics of Precipitation Features and 
Annual Rainfall during the TRMM Era in the Central Andes. Journal of Climate 
27(11), 3982–4001.  
NASA (National Aeronautics and Space Administration), 2014. TRMM: Tropical 
Rainfall Measuring Mission. Washington, D.C.: NASA. Available online at: 
http://trmm.gsfc.nasa.gov/ (Accessed November 16, 2014). 
NASA (National Aeronautics and Space Administration), 2015. Global Precipitation 
Measurement. Washington, D.C.: NASA. Available online at: 




NOAA (National Oceanic and Atmospheric Administration), 2014. Comprehensive 
Large Array-Data Stewardship System (CLASS). Washington, D.C.: NOAA. 
Available online at: http://www.class.ncdc.noaa.gov (Accessed November 16, 
2014). 
NOAA (National Oceanic and Atmospheric Administration), 2016. Cold and Warm 
Episodes by Season. Washington, D.C.: NOAA. Available online at: 
http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml 
(Accessed October 21, 2016) 
Nogués-Paegle, J., Kingtse, C.M., 1997. Alternating Wet and Dry Conditions over South 
America during Summer. Monthly Weather Review 125(2), 279–291.   
Pereira, R., Bovolo, C.I., Forsythe, N., Pedentchouk, N., Parkin, G. and Wagner, T., 
2014. Seasonal patterns of rainfall and river isotopic chemistry in northern 
Amazonia (Guyana): From the headwater to the regional scale. Journal of South 
American Earth Sciences 52(July), 108-118.   
Phillips, D.L., Gregg, J.W., 2003. Source partitioning using stable isotopes: coping with 
too many sources. Oecologia 136(2), 261–269.   
Phillips, D.L., Newsome, S.D., Gregg, J.W., 2005. Combining sources in stable isotope 
mixing models: alternative methods. Oecologia 144(4), 520–527.   
Philp, R.P., 2007. The emergence of stable isotopes in environmental and forensic 
geochemistry studies: a review. Environmental Chemistry Letters 5(2), 57–66.   
Polk, J.S., Beynen, P.V., Wynn, J., 2012. An isotopic calibration study of precipitation, 
cave dripwater, and climate in west-central Florida. Hydrological Processes 26(5), 
652–662.   
Price, R.M., Swart, P.K., Willoughby, H.E., 2008. Seasonal and spatial variation in the 
stable isotopic composition (δ18O and δD) of precipitation in south Florida. Journal 
of Hydrology 358(3-4), 193–205.   
Rasmussen, K.L., Choi, S.L., Zuluaga, M.D., Houze, R.A., 2013. TRMM precipitation 
bias in extreme storms in South America. Geophysical Research Letters 40(13), 
3457–3461.  
Rickenbach, T.M., Nieto-Ferreira, R., Barnhill, R.P., Nesbitt, S.W., 2011. Regional 
Contrast of Mesoscale Convective System Structure prior to and during Monsoon 




Risi, C., Bony, S., Vimeux, F., 2008. Influence of convective processes on the isotopic 
composition (δ18O and δD) of precipitation and water vapor in the tropics: 2. 
Physical interpretation of the amount effect. Journal of Geophysical Research 
113(D19), 1–12.   
Rozanski, K., Araguás, L.A., 1995. Spatial and temporal variability of stable isotope 
 composition of precipitation over the South American continent. Bulletin de 
 l'Institut Français d'études Andines 24(3), 379-390. 
Rozanski, K., Araguás, L.A., Gonfiantini, R., 1993. Isotopic patterns in modern global 
precipitation. Geophysical Monograph Series 78(1), 1–36.   
SAHRA (Sustainability of semi-Arid Hydrology and Riparian Areas), 2005. Oxygen. 
Tucson, AZ: University of Arizona. Available online at: 
http://web.sahra.arizona.edu/programs/isotopes/oxygen.html (Accessed October 16, 
2016). 
Schmidt, G.A., Bigg, G.R., Rohling, E.J., 1999. Global Seawater Oxygen-18 Database 
v1.21. Washington, D.C.: NASA. Available online at: 
http://data.giss.nasa.gov/o18data/ (Accessed October 30, 2016). 
Scholl, M.A., Shanley, J.B., Zegarra, J.P., Coplen, T.B., 2009. The stable isotope amount 
effect: New insights from NEXRAD echo tops, Luquillo Mountains, Puerto Rico. 
Water Resources Research 45(12), 1-14.    
Sharp, Z., 2007. Principles of Stable Isotope Geochemistry. New Jersey, NJ: Pearson 
Prentice Hall. 
Soddy, F., 1922. The origins of the conceptions of isotopes. Working Paper available 
online at: http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1921/soddy-
lecture.pdf (Accessed April 4, 2015). 
Thomson, J.J., 1913. Some further applications of the method of positive rays. The 
Popular Science Monthly 82(June), 521–531.  
Tollerud, E.I., Rodgers, D., Brown, K., 1987. Seasonal, diurnal, and geographic 
variations in the characteristics of heavy-rain-producing mesoscale convective 
complexes: A synthesis of eight years of MCC summaries. Preprints, 11th 
Conference Weather Modification, Edmonton, Canada, 143-146. 
Tremoy, G., Vimeux, F., Soumana, S., Souley, I., Risi, C., Favreau, G., Oi, M., 2014. 
Clustering mesoscale convective systems with laser-based water vapor δ18O 
monitoring in Niamey (Niger). Journal of Geophysical Research: Atmospheres 
119(9), 5079-5103.  
104 
 
Urey, H., 1947. The thermodynamic properties of isotopic substances. Journal of the 
Chemical Society 1947, 562–571.   
USGS. (United States Geological Survey), 2004. Resources on Isotopes. Reston, VA: 
USGS. Available online at: http://wwwrcamnl.wr.usgs.gov/isoig/period/o_iig.html 
Verhagen, B.T., 2003. Isotope hydrology and its impact in the developing world. Journal 
of Radioanalytical and Nuclear Chemistry 257(1), 17–26.   
Yurtsever, Y., Araguas, L.A., 1993. Environmental Isotope Applications in Hydrology: 
An Overview of the IAEA’s Activities, Experiences, and Prospects. In International 
Association of Hydrological Sciences (eds.) Proceedings of the Yokohama 
Symposium: Tracers in Hydrology 215, 3–20. 
Zilli, M.T., Carvalho, L.M.V., Liebmann, B., Silva Dias, M.A., 2017. A comprehensive 
analysis of trends in extreme precipitation over southeastern coast of Brazil. 
International Journal of Climatology 37(5), 2269-2279. 
